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ABSTRACT

The need for an improvement of the mathematical model of the solar

radiation force and torques for the Mariner Venus/Mercury spacecraft

arises from the fact that this spacecraft will be steering toward the inner

planets (Venus and Mercury), where, due to the proximity of the Sun, the

effect of the solar radiation pressure is much larger than it was on the

antecedent Mariner spacecraft, steering in the opposite direction. There-

fore, although the model yielded excellent results in the case of the

Mariner 9 Mars Orbiter, additional effects of negligible magnitudes for

the previous missions of the Mariner spacecraft should now be included

in the model. The purpose of this study is to examine all such effects and

to incorporate them into the already existing model, as well as to use the

improved model for calculation of the solar radiation force and torques

acting on the Mariner Venus/Mercury spacecraft.
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I. INTRODUCTION

The distinction between the Mariner Venus/Mercury spacecraft

mission and the missions of its predecessors in the family of Mariner

spacecraft is that, unlike the previous ones, this spacecraft will be heading

toward the inner planets, Venus and Mercury, or, in other words, heading

toward the Sun., The force produced by the solar radiation pressure is

increasing proportionally to the square of the ratio of the heliocentric dis-

tances of the Earth and the spacecraft. Hence, the solar pressure exerted

on the spacecraft moving in the vicinity of the planet Mercury, for instance,

would be approximately fifteen times larger than the solar pressure

exerted on the same spacecraft moving in the vicinity of the planet Mars.

For that reason, although the mathematical model of the solar radiation

force and torques (Refs. 1 and 2) yielded excellent results in the case of

the Mariner 9 Mars Orbiter (Ref. 3), in agreement with the observational

data obtained during the cruise phase of the spacecraft within 0. 1%, the

same model should now be enhanced and expanded by the inclusion of cer-

tain effects which, in the case of all previous spacecraft, could have been

neglected as insignificant. Those effects are:

(1) The deviation of the directional distribution of the diffuse

reflection from Lambert's law of cosines (Refs. 4 and 5).

(2) The difference between the temperatures of front and back

surfaces of every illuminated component of the spacecraft

which has a considerable non-negligible thickness.

II. BASIC PRINCIPLES OF THE SOLAR RADIATION
PRESSURE MODEL

Let us assume that J is the total radiant energy per unit area and per

unit time of the radiant flux impinging on an intercepting area S of a com-

ponentof the spacecraft. One portion of .that energy, yJ, where y <5 1, will

be reflected from the surface according to a certain reflection law, while

the rest of the energy, (y - 1) J, will be absorbed by the material and

re-radiated, presumably isotropically, as thermal radiation into the

surrounding space. The re-radiation, due to the conductivity of the

material, occurs not only on the front surface df the spacecraft' s
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component which receives the radiation but also on all other enclosing

surfaces,

Let 8 be the angle of incidence of the incoming radiation, i. e., the

angle between the direction of the radiation and the local normal to the

surface S. The angular distribution law of the reflected radiation is then

a function of the angle of incidence, which we shall denote by f(e). It is

obvious that, for specularly reflecting surfaces (mirror-like surfaces),
f(8) is the two-dimensional Dirac delta function, since the angle of

incidence is equal to the angle of reflection. For diffusely reflecting sur-

faces it is usually assumed that they obey Lambert' s cosine law

f(O) = cos 8.

The total reflected radiation is the combination of both specular and

diffuse reflections for most materials. We shall denote by PyJ the portion

of the radiant energy reflected specularly (P 1), and by P(l - y) J the

portion reflected diffusely. In the interior of any infinitesimally small

solid angle (Fig. 1)

dw = sin 8 de d 9

the total reflected radiation is

yJ = I dw

where I is the radiant flux per unit solid angle on the hemisphere T. Since

I = 10 f(e)

where 10 is a constant, integrating over the surface of the hemisphere a-,
we obtain

yJ = 10 dO f(O) sin e dO = I0 A(f) (1)
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with

A(f) = di f(e) sin 0 dO (2)

For specular reflection, f(O) is a two-dimensional Dirac delta

function. Hence

A(f) = 1

The momentum of radiation is J/c, where c is the speed of light. The

momentum exchange due to the reflected radiation in the direction of the

local normal to the surface area S is

c c

while the momentum exchange in the local tangential plane to the surface S

is zero. Integrating over the surface area of the hemisphere a-, we obtain

J B(f) = d f f(O) sin 0 cos 0 dO (3)
c cA(f)

where

B(f)= A(f) d f(e) sin 0 cos 0 de (4)

For specular reflection, f(0) is the two-dimensional Dirac delta

function. Hence, for specular reflection,

B(f) = 1

JPL Technical Memorandum 33-698 3



For diffuse reflection, however, one can assume that the angular

distribution of the reflected radiation obeys Lambert' s cosine law

f(O) = cos 8. Introducing this function into integrals given by Eqs. (2) and

(4), and performing the integration, we find

A (f) = rrL
(5)

2
BL(f) 3

where the subscript L denotes the values obtained using Lambert' s law.

The total radiation force along the local normal to the irradiated

surface S is the sum of momentum exchanges due to the incident and

reflected radiations. The radiant energy J is inversely proportional to

the square of the distance from the source of radiation or, in other words,
inversely proportional to the heliocentric distance r:

J
0
2

r

or, in the scaled form,

J = J / (6)

where AU is the astronomical unit and J 0 is the radiant energy of the Sun

received at the Earth (one astronomical unit). J 0 is also called the solar

constant. Its value is

10 = 1.353 X 10 W/m (Refs. 1 and 6)

or

JO = 1.353 X 10 3 kg/s 3
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From all that has been previously said, we can now write the expression

for the elementary solar radiation force acting on an elementary surface

area

dS = NdS

where N is the unit vector along the local normal to the elementary surface

area dS. The force acting along the local normal is

dFN =- NdS
N c r

or

dF = - (AU 2 NdS (7)
N S r

If the area is expressed in m , the value of the constant XS is

NS = 4. 513 x 10 N/m z

Finally, if we express the heliocentric distance r in meters, we

obtain, instead of Eq. (7),

dF = K N dS
N S 2r

where (Ref. 1)

K = 1. 010 X 1017 N

Henceforth, we shall call XS the solar pressure constant.

When the direction of the incident radiation is inclined to the direction

of the local normal to the surface by an angle 0 (angle of incidence), the

solar radiation force will have two components: one along the local normal
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to the surface, defined by the unit vector N, and one along the interception
line of the local tangential plane to the surface with the plane perpendicular
to the tangential plane, which contains the direction of the incident radiation
and the unit vector N (Fig. 2). We shall denote by U the unit vector along
the direction opposite that of the incoming radiation so that, if T is the
unit tangent vector,

U (N x T) = 0

and choose the direction of the unit vector T in such a manner that

9- T > 0

(Fig. 2). If F(x, y, z) = 0 is the equation of the irradiated surface in a
certain coordinate system (so far arbitrarily chosen), the unit vector along

the local normal at a point (x, y, z) on the surface is defined by

- grad F(x, y, z)
Igrad F(x, y, z)

or, in shorter form,

VF

From Fig. 2, we see that

U= N cos 0 + T sin 0

and, hence,

T = sin - N cot 0 (9)

6 JPL Technical Memorandum 33-698



Figure 3 shows the diagram of all forces produced by the solar

radiation. Expressed in terms of the magnitude of the normal force FN

those forces are:

(1) The force caused by the incident radiation F I . From Fig. 3,

we find

F I = F N cos e

This force has two components: one along the local normal

(pressure), PI, and one along the tangent unit vector, T I.

They are, respectively,

(10)

Pl = FI cos e = F N cos 0

T I = F I sin 0 = F N sin e cos I
(2) The force produced by the specularly reflected radiation FR.

Since the portion of the specularly reflected radiation is y,

the magnitude of this force is

FR = ~ F I

The normal and tangential components of this force are,

respectively,

P = FR cos = y F N cos 0

(11)
TR = FR sin O = Py F N sin E cos J

(3) The force caused by the diffuse reflection F D . Due to a

presumably symmetric angular distribution law, this force has

only the normal component which is the resultant of all diffuse

reflection forces produced by the diffusely scattered photons.

This force is

JPL Technical Memorandum 33-698 7



FD = yB(f) (1 - ) F I

or

F D = (1 - P) B(f) F N cos 0 (12)

(4) Force produced by the re-radiation FRR. The portion 1 - y of

photons impinging upon the reflecting surface is absorbed by the

material and re-radiated, presumably isotropically, into the

neighboring space as thermal energy. The re-radiation occurs

on both front and back surfaces of a particular spacecraft's

component, thus producing another small force. In this case,

too, as before, due to a presumably symmetric angular dis-

tribution law, this force has the normal component only.

The radiant heat flow emitted by a surface is given by

q = TET 4  (13)

(Stefan' s law). Here a- is the Stefan-Boltzmann's constant:

-= 5.6697 X 10 8 kg/s3.K 4

T is the temperature of the surface in kelvins (K), and E is the emissivity

of the surface (Ref. 5). Hence, the emissive powers of front and back

surfaces are, respectively,

qF = F TF

(14)

qB = B TB

The re-radiation from the front surface contributes a small force of

magnitude

(F= B(f)(l - y) F

RR FRONT qF + qB I
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and the re-radiation from the back surface contributes a force of

magnitude

(FRRBA = - B(f)(1 - y) B F
RR BACK qF + qB

These two forces have opposite directions.

The total amount of force created by the re-radiation is

FRR = B(f) K(r, )(1 -Y) FN cos (15)

where

4 4
E T F -EBT

K(r, ) F= 4 4 (16)
E T + EBT
FF BB

For TF = TB, function K(r, E) is a constant (Ref. 4),

E -E
F B

E + E
F B

and, for adiabatic surfaces, K = 1.

The diagram of all forces is shown in Fig. 3.

III. THE RATIO OF FRONT AND BACK TEMPERATURES

The K-function (Eq. 16) can be written in the form

4
E T E

K(r, 0) = B (17)
EF T 

+

JPL Technical Memorandum 33-698 9



where T is the ratio of temperatures:

-r=T(r, ) = T (18)
B

To find this ratio we shall consider an infinitesimally small slab of

thickness £ made of a certain material which has a thermal conductivity k.

The energy balance between the radiant energy received on the front side

of the slab and the re- radiated energy from both front and back sides is

given by the equation (Ref. 7)

4 4 AU
TAF TF + oAB BTB = J0 (1 - y) AF cos 6

or

4 AB 4 AU 1 - YCET + E ( T ( =)J cos 0
FF BA F B 0 r

where AF and AB are areas of the front and back surfaces, respectively.

We shall assume that the front and back surface areas are the same, i.e.,

AB
-=1

AF

so that the equation of the energy balance is

4 4 U 1E T + T = J0 2  cos 0 (19)
FF BB r -

The quasisteady-state heat flow equation, which reduces to Laplace' s

equation, yields a linear propagation of heat in the slab along the normal

to the surface. From the boundary conditions (Refs. 7 and 8), we obtain

e B 4
T = T + T (20)

F B k B

10 JPL Technical Memorandum 33-698



Equations (19) and (20) theoretically solve the problem of finding

T (r,0). In reality, however, we cannot obtain an analytic solution for T

because, by eliminating TB from the two equations

J 24 0 (AU I Cs
B F T4 r

B

-r EB 3
T= 1+ Tk B

we ultimately obtaiii an algebraic equation of the twelfth order.

On the Mariner Venus/Mercury spacecraft only two components have

significant thicknesses: the high-gain antenna and the two solar panels.

From Ref. 8 we find the following information:

(1) For the high-gain antenna reflector:

A = 0. 0191 m

(F)A = 0.89

(EB)A = 0.90

kA = 1.2921 kg.m/s3.K

yA = 0. 10

(2) For solar panels:

SP = 0.0127 m

(EF)SP = 0.79

(EB)SP = 0.85

1 The high-gain antenna is illuminated from the back.
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kSP = 1. 2921 kg m/s *K

ySP =0. 22

A simple computer program, based on Newton's method for approxi-

mate solutions, yields the values of the function T(r, 0 ), shown in

Tables 1 and 2.

Once the values of T(r, 0) are known, the values of the function K(r, 6)

are obtained from Eq. (17). Tables 3 and 4 give the values of the function

K(r,0) for the high-gain antenna reflector and solar panels, respectively.

Finally, in Figs. 4 and 5, the graphs of the function K(r, 0) are shown.

Wherever the value of K(r, 6) is negative, the resultant re-radiation force

is acting in the direction of the local normal, i. e., it acts against the normal

component of the solar pressure.

IV. APPROXIMATE ANALYTIC EXPRESSION FOR T(r,e)

An extremely good analytic estimate of the function T(r,8) can be

derived, due to the fact that the ratio

T F -TB 0.1322 for the high-gain antenna reflector

TB 0.0863 for solar panels

Assuming that, in the first approximation,

TF B T(r,)

we obtain, from Eq. (19),

T 0 =T 0 (r, 8) J0 U (1- ) (21)
12F JPL Technical Memorandum 33-98

12 JPL Technical Memorandum 33-698



The next approximation is obtained by substituting T 0 for TB in

Eq. (20). It yields

T o- 0
F B 3

Equation (19) can be rewritten in the form

B B FT 4(B F B 0

By substituting the value of the ratio TF/TB from Eq. (22), the last

equation yields

E/ 1/4
TB= F To  (23)

B F k 0

which is a further approximation. A better approximation of TF/TB is

obtained by substituting the value of TB, given by Eq. (23), into Eq. (20):

T F _ + T- 3 -L B EF + 
EB (24)

T k 0 4
B eB 3

The last expression can be simplified considerably by expanding the

denominator on the right-hand side of Eq. (24). We find that

E + E 3/4
EF + B _ F B

SF + EB 3 k F EBT0
SB F k 0T

JPL Technical Memorandum 33-698 13



and, without loss of accuracy,

T B(EF + EB) T 3

S1 + - 3 = T(r,6) (25)
B fF +B + 3 k EFEB

Denoting p as the heliocentric distance of the spacecraft expressed in

astronomical units (AU), i. e.,

r
P AU (26)

we can write Eq. (21) in the form

T 0 (r,e)= T (27)

where T is the constant

JO(1 - y)
T + (28)

0('F + 'B )

The values of the constant T for the high-gain antenna reflector and

solar panels are, respectively,

TA = 330. 96 kelvins

(29)
Tp = 326. 40 kelvins

Equation (25) can be written in the form

B 3

T(r, 6) = 1 + k 0
SF B 31+3 TS+ EB k 0

F JP Technical Memorandum 33698B
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Setting

T 2 B T 3 = A (cos 0) 3 / 4  AR(r,0) (30)
k A 3 - = AR(r,) (30)

where

c B . * 3
A k (T ) (31)

3AE
B F (32)

we can rewrite the last equation in the form

T(r , ) = 1 + AR(r, 0) (33)
1 + BR(r, 0)

The values of constants A and B for the high-gain antenna reflector

and the solar panels are, respectively,

A A = 0.02734

ASP = 0.01647

(34)
B A = 0. 04079

BSP = 0.02380

The function

R(r, 0) = (cos )3/4 (35)

JPL Technical Memorandum 33-698 15



as well as the function T(r,O) and the constants A and B are dimensionless.

For the Mariner Venus/Mercury spacecraft mission,

R(r, e) < 5. 864

Substituting the expression for T(r, 0) from Eq. (33) into Eq. (17),

we obtain

EF[1 + (A + B) R(r,0)] 4 - [1 + BR(r,0)]
4

K(r, O) =
EF[1 + (A + B) R(r,0)] 4 + B [1 + BR(r, 0)] 4

The values of the function K (r, 0) obtained from the last expression

for the high-gain antenna reflector and solar panels are given in Tables 5

and 6, respectively. It is easy to see that the largest value of the error of

the approximate solution of the above equation is 0. 002 for the high-gain

antenna reflector (0. 8%) and 0. 001 for solar panels (0. 8%); this is an excel-

lent agreement, since the maximum error is just a little above the trunca-

tion error.

Sacrificing a little accuracy we can derive another, less accurate,
expression for K (r, 0) by expanding the last expression into a power series

of (A + B) R(r,0) and BR (r, 0). This expression, although less accurate, is

more suitable for the purpose of deriving the final form of the solar pressure

force. The expansion yields

K(r,0) = K + 2 AR(r,)
(EF + EB)

llE - 3E
-4E E [AR(r, )]2 (36)

F BF
(EF + EB

) 3

where K is the constant value of K(r, 0) for TF = TB,

E - C
F B

K + (37)
F B
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The values of K(r, 0) obtained from Eq. (36) are given in Tables 7 and

8. The maximum relative error for the high-gain antenna is about 9. 7% and

for the solar panels about 3.6%.

In order to express the function on the right-hand side of Eq. (36) in a

more concise form, we shall introduce the following parameters:

8 34 E2 l/4
8 F B A 8J3/4 P 3/4 F B

p = A = 8J (1 -y) 11/4
(EF + E B )  k(EF + EB)

Q 4E I F - 3E B A 2  (38)B E)3

3(11 E - 3 E ) z 2

J3/2 3/2 F B F B )

= - 4 JO (l-y) 2 9/2
k (F + EB) 9 /

The function K(r, 0) can now be written in the form

K(r,e) = K +PR(r,) + Q [ R (r, )] 2

or, explicitly,

3/4 3/2

K(r, ) = K + P o + Q os (39)

The values of constants P and Q for the high-gain antenna reflector and

solar panels are, respectively,

PA 
= 0. 05468

QA = -0.00296 (40)

PSP = 0.03290

QSP = -0.00101

JPL Technical Memorandum 33-698 17



V. EXPRESSION FOR THE SOLAR RADIATION FORCE

We shall now express the total solar radiation pressure force in the

vectorial form, adding all the components of the force along the local nor-

mal and tangent directions. From Eq. (7), the elementary normal force is

dF - NdS
N 2

The elementary force, generated by the incident radiation, is

dFI = - (N cos 0 + T sin 0) cos 8 dFN

= U dF N cos 0

The elementary force, created by the specularly reflected photons, is

dFR = y(U - 2N cos 8) dF N cos 0

The elementary force, due to the diffusely reflected radiation, is

dFD = - yB(f)(l - I) NdFN cos 6

Finally, the elementary force, caused by the thermal re-radiation, is

dFRR = - B(f)(l - y) K(r, 0) N dS cos 6

The vector sum of all these component forces gives the total

elementary force

dF = dF I + dF R + dF + dFRR

18 
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or, explicitly,

dF - Scos 2y cos 0 + B(f) y( - f)

+ (1 - y) K(r, 6))] + (I - By) U dS

The total force over the entire illuminated surface S is then

= - ff Iy cos 0 + B(f) y(l - P) + (1 - y) K(r. o))]

S

+ (1 - py) U cos 0 dS (41)

where K(r, 0) is a constant for all components of the Mariner Venus/Mercury

spacecraft except the high-gain antenna reflector and solar panels.

The unit vector U is a constant insofar as the integration is concerned.

Also,

cos O = U*N, dS = N dS

Hence,

ff cos 6 dS = f U N dS

S S
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and Eq. (41) becomes

S - v() N + (1 - py)U cos ] dS (42)

P2
S

or

-SF = - f- (8) dS + (I- y)(U S) U (43)

where

v(O) = 2py cos2 9 + B(f)(y(1 - ) + (1 - y) K(r, 6)] cos o (44)

VI. MOMENT OF THE SOLAR RADIATION FORCE

Let x, y, z be the coordinates of a point on the spacecraft relative to a
certain spacecraft-fixed reference frame with the origin at a certain point
O. Let el, e 2 , e 3 be the unit vectors along the coordinate axes x, y, and z,
respectively. The position of a point of the spacecraft (x, y, z) is defined
by the position vector

X = xel + ye 2 + ze 3

The moment of the elementary force dF at the point (x, y, z), with
respect to the point of reference O is then

dM ( 0 ) = R X dF
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Thus, the total moment of the solar radiation force about the point 0 is

obtained by an integration over the illuminated surface S:

(0) = Xx dF

S

Using the expression for the elementary force dF, we obtain,

explicitly,

() = - [v(e)(X x N)

S

+ (1 - 3y)(X X U) cos 8 ] dS (45)

VII. THE DIRECTIONAL DISTRIBUTION LAW OF THE
DIFFUSE REFLECTION

We have already shown that, using Lambert' s directional distribution

law of diffuse reflection f(O) = cos 0, we obtain for the value of the constant

B(f):

2
BL(f) =

In reality, however, the directional distribution of the diffuse reflection

does not obey Lambert' s cosine law (Refs. 4 and 5). Moreover, different

materials have different directional reflection distribution; metallic surfaces

behave differently from nonmetallic surfaces. We shall introduce a

function, for the time being unknown, of the angle of incidence 0, D(O),

and write the reflection law in the form

f(O) = D(O) cos e (46)
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where, for Lambert' s cosine law, D(0) = 1. The graphs of the function

D(O) for different metallic surfaces are shown in Fig. 6; the graphs of the

function D(O) for nonmetallic surfaces are shown in Fig. 7. We see that for

metallic surfaces D(O)--co when 0 - 900 and that for nonmetallic surfaces

D(O) = 0 when 0 = 900. It is also clear that for small values of the angle

of incidence 0, the directional distribution agrees well with Lambert' s law.

The deviation from Lambert' s law begins when the angle of incidence is

between 350 and 450 for metallic and between 550 and 70' for nonmetallic

surfaces. We shall denote by a the value of the angle of incidence 0 of the

point of D(@) at which the function D(O) begins to deviate from Lambert' s

law (circle D(8) = 1). We shall call this angle "the separation angle."

Hence, in order to find a unified law of directional reflectivity distribution,
we have to find such a function D(6) which satisfies the following constraints:

D(0) = 1, for 0 < 0 e a

D(@)--co, for 0 - Tr/2 for metallic surfaces

D(Tr/2) = 0, for nonmetallic surfaces

Also, in order to have a smooth continuous transition from Lambert's

circle D(O) = 1 to D(O) at 0 = a, the curve D(O) and the circle D(O) = 1 ought

to have the same tangent at 0 = a. Hence, the additional condition which

the function D(0) must satisfy is

dD()d= D (a) = 0
e =a

The function

D(6) = p(O - a) tan a + cos (47)cos a) (47)
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where p. < 0 is a parameter depending on the specific material, satisfies the

above-mentioned requirements for metallic materials, while the function

D(O) = [ 1 + 4( - a) tan a ]os ) (48)

where p. > 0, satisfies the requirements listed above for the nonmetallic

materials. In both cases we assume that

I I<i

We shall now examine two examples: one when L < 0, and one when

. > 0. For the first example (4 < 0), we shall take a chromium surface;

for the second example (p. > 0), a wooden surface. In the first example we

can read from the graph the value of the angle a - 350; in the second

example we read a - 640. In both examples we have to scale the values

of D(8) obtained from the graphs (Ref. 5) by dividing each value of D(O) by

D(a), so that we have D(a) = 1. The scaled values of the function D(O) for

both examples are given, respectively, in Tables 9 and 10.

Using a least squares fit in both cases (Ref. 9), we obtain the following

values for p.. For the chromium (metallic) surface,

. = - 0. 673

and the sum of squares of residuals is 0.011. For the wooden (nonmetallic)

surface, the value is

. = 0. 653

and the sum of squares of residuals is 0. 002.

VIII. THE DIFFUSE REFLECTION COEFFICIENT B(f)

The directional distribution law of diffuse reflection is (Eq. 46)

f(O) = D(O) cos 0
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Substituting this value of f(O) into Eq. (2), we first obtain the coefficient

A(f) and, then, from Eq. (4), we ultimately obtain the value of B(f). Hence,

for both metallic and nonmetallic surfaces,

A(f) = 2Tr sin 6 cos 0 dO + D() sin 0 cos 0 do (49)

20rr

B(f) = A(f) sin 0 cos 2 0 dO + D(6) sin 0 cos 6 dO (50)

The first two integrals on the right-hand sides of Eqs. (49) and (50)

do not depend on the form of the function D(O). Their values are

1 2

sin O cos 0 dO = - sin a

(51)

2 1 3
sin 0 cos e dO = 1 (1 - cos a)

The second two integrals depend on the form of D(8), and thus have

different values for different materials. For metallic materials, sub-

stituting D(O) by its value given in Eq. (47), we obtain by integration

D(O) sin O cos 0 dO = - a) tan a - 1
I 4 \Z /

S[ +2 +4 2 ]

+ +  2 c 4 os 2 a (52a)
24 J Technical Memorandum 33(4 + 2)
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2 o + 3+9 2
f D(G) sin e cos d = cos( + 3) cos a

1 - sin a (52b)
1 + sin a

Hence, for metallic materials,

A(f) = E[ - a tan a + + cos2 a (53)
2 2 CL +2

A(f) B(f) 3 1 - sin cos a + cos3 a (54)
9 1 + sina +3

Finally, from Eqs. (53) and (54), we obtain

3 1 - sin L 3
4 T1 - sin a cos a + -- cos a

B(f) - - 1 + sin a 3 (55)
9 ~ L - tan a + cos a

For a chromium surface, with f = - 0.673 and a 2 350, we

obtain

B(f) = 0. 5908

which differs by 0. 0759, or 11.44%, from Lambert's nominal value

BL(f) = 2/3.

For nonmetallic surfaces we shall substitute the function D(O) from

Eq. (48) into integrals in Eqs. (49) and (50). We obtain

1 c2 tan a
S D(O) sin 0 cos 0 dO - tan a p(a) (56)

.+ 2 cos + (cos a) (56)
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where 2

I 2 (a) = f (cos e)4+Zde

(58)

I 3 (a) = (cos e)I + 3 dO

2 Integrals I2(a) and I 3 (a), given by Eq. (58), have the form

Cr/2
I (a) = (cos O)+Y dO

Introducing the new variable t = cos2 0, we obtain

Cos a
1 [(4+y+l)/2]- (1 t) - 1/ 2 dt

I (a) = t P - dt

J0

This integral is of the form (Ref. 10)

I () = tp- (1 - t) q -  dt = B(p, q)

Jo

where Ba(p, q) is the incomplete Beta-function, p = (4 + y + 1)/2, q = 1/2,
2

= Cos a.

Hence,

I(a)= F (p, 1 - q; p + 1; )

where 2 F 1 is the hypergeometric function; thus

I (cos a) (+3)/2 2 3 1 ~ ; cos2 a
IZ(a) + 2 2

(3+4)/2 / 1 ± 2
13 (a) (cosa) 4 2 7 , ; ; cos6 a
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Hence, substituting integrals given by Eqs. (51), (56), and (57) into

expressions (53) and (54), we obtain

Af) n [ 2 2 tan a
A(f) - cos + 2 tan a 2 (a) (59)

4 + c (cos a)~

A(f)B(f) 3(4 - cos3 a + 3 tana (a) (60)

_ + 3- cos 3 a + 3 tan a (a)

B(f) + 2 (cos a)4 (61)
3 + 3 + 2 cos2 a + 2 tan a I (a)

o(cos ) 2

For a wooden surface, with = 0. 653 and a- 64 , we obtain

B(f) = 0.6781

a value which differs by -0.0114 or 1.7% from Lambert's value.

Integrals, given by Eq. (58), can be expressed in terms of a power

series of cos a. Writing both integrals in the form

I (a) = (cos 0 )4 + 'Y de, y = 2, 3

and introducing a new variable3

t = (cos 0)

3 Suggested by H. Lass.

JPL Technical Memorandum 33-698 27



we obtain the integral I (a) in the form

S () - 1 t 1/ ( 4+y )  1 t /(4+ y) - 1/2
I (a) +Y tl - t dt

where X = (cos a) .+Y Since

(1 - )-/Z = 1 + (2n - 1)! n

2 n n!
n=l

we arrive at the expression

I(a) 1/ ( + y )  + (2n - 1)! 2n/(+)I( + Y 1+ 2t dt
no 2 n!

which, after the performed integration, becomes

S (cos a)+ y+1 + (2n - 1)! (cos a) 2 n
I(a) = + 1 + 1(62)

+ Y 1 2n n! 1 + n
n=l 4 + y +l

It is easy to show that, due to the fast convergence of series (62),
for all practical purposes, it is sufficient to take only the first two terms

of the series. Thus we have

I (cos a)4+4 [ .4+ +4 cos
1 (a) = (o +4 2(k + 6)

I (a) = ct +3 1 + 2( 5)cos a
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Introducing these two expressions into Eqs. (59), (60), and (61), we finally

obtain

A(f) = - cos a + 2 sin a+ c +-- I cos2a
4+ 2 1V1+3 2 V 5

3 sin a cos 3 i +4 2
A(f)B(f) = cos 3 a + 3 sinc 3 a 2 cos 2 a)

from which, by dividing the second expression by the first, the value of

B(f) is obtained.

IX. SPACECRAFT-FIXED SYSTEMS OF
REFERENCE AXES

So far we have not yet specified the spacial orientation and the origin

of the spacecraft-fixed reference frame xyz. Due to the fact that the center

of gravity of the Mariner Venus/Mercury spacecraft does not coincide with

the geometric center of the spacecraft and the fact that the distribution of

masses on the spacecraft is such that the axes of the extremum quadratic

moments of inertia (principal axes) do not coincide with the geometric

reference axes, we have to define two systems of reference. The first

system is the geometric system with respect to which the positions of various

parts and components of the spacecraft are related. We shall denote by

el, e2, e3 the unit vectors along the axes of this system, x, y, and z,

respectively. The orientation of this system is established with respect

to a basic, natural frame of reference, which we shall call the Sun-Canopus

basic system (Ref. 11) xS, YS, zS. The orientation of unit vectors el, e 2 ,

e3 along the axes xS, YS, and zS, respectively, of this system is derived

from the spacecraft-Sun and the spacecraft-star Canopus directions. The

system is obviously non-inertial and rotates in space following the orbital

motion of the spacecraft and the motion of the spacecraft-Sun line relative

to the inertial space. If, as previously denoted, U is the unit vector along

the spacecraft-Sun direction,

r
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and UC is the unit vector along the spacecraft- Canopus direction, the unit
-' -- i -

vectors el, e 2 , e 3 are given by (Ref. 11)

e=

UC X U

S U x (Uc X U)
e2 (63)

UCXU

e=---e3 = U r

The geometric spacecraft-fixed system is obtained by a positive rota-

tion of this system (counterclockwise) about the zB-axis by an angle of

30'. Hence

e 2  = [B] e 2  (64)

e3  e3

where [ B] is the transformation matrix

cos 300 sin 30' 0

[B] = - sin 300 cos 300 0 (65)

0 0 1

4 Due to the fact that, for all practical purposes of flight missions within the
solar system, the star Canopus can be considered to be infinitely distant
from the solar system; the spacecraft-Canopus direction may be considered
the same as the geocentric (or heliocentric) direction of the star.
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Equations (64) and (65) yield

- Jt-, i-'
el - e +-Z e2

S-, 1 -'

2 = -el +2 2

e 3 = e 3

or

1 C C C
SU C X U

U XU
-3 C

e2 = U U - (U C U) U - (66)

e3 =U

The orientation of axes x, y, z of the geometric reference system on the

spacecraft is shown in Figs. 8 and 9.

Now let xC, YC, zC be the coordinates of the center of mass of the

spacecraft relative to the above-defined reference frame. Also let ai, b i ,

c., i = 1, 2, 3, be the direction cosines of the principal axes of inertia

relative to the axes of the reference system xyz. If 6, rl, and r are the

principal axes of inertia of the spacecraft and i, j, and k the unit vectors

along these axes, respectively, the transformation between the unit vectors

of the geometric reference system, e l , e2 , e3 and the unit vectors along

the principal axes of inertia (we shall call this system the dynamic reference

system) is given by

el i

e = [A] j (67)

e3 k
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where [A] is the transformation matrix

al a2 a 3

[A] = b 1  b 2  b3  (68)

c I  c c 3

or (Ref. 12)

0.948 -0.315 0.037

[A] = 0.316 0. 947 -0. 048 (69)

-0.020 0. 057 0.998

The transformation between the coordinates of the two systems is

given by

Y = YC + [A] 1 (70)

z zC

and, inversely,

r = [A] y YC (71)

z z C

The coordinates of the center of mass of the spacecraft in the reference

system xyz are (Ref. 12)

xC = 1.22 cm

YC = -5.36 cm (72)

z C = - 3 2. 16 cm
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X. THE GENERAL SYNOPSIS OF THE ILLUMINATED
SURFACES ON THE SPACECRAFT

The configuration of spacecraft components, main parts, instruments,

etc., which are illuminated by the Sun, and their positions relative to the

xyz system are shown in Figs. 8 and 9. For the sake of simplicity, we

shall divide the whole multitude of paraphernalia into two groups. The first

group consists of those elements that have a considerable thickness for

which the thermal analysis has to be performed, i. e., those elements for

which there is an unbalance of the thermal re-radiation on their front and

back surfaces. Without any considerable loss of accuracy we can say that

the only components of the spacecraft which belong to this group are the

high-gain antenna reflector and the two solar panels.

The second group of spacecraft elements can be subdivided into two

subgroups. The first subgroup contains all components whose illuminated

surfaces are either flat (planar) or very close to being flat. The second

subgroup contains the elements whose surfaces are curved. The complete

survey of all illuminated surfaces is given in Table 11 (Ref. 8). The survey

of materials and their optical properties are given in Table 12.

XI. THE SOLAR RADIATION FORCE AND TORQUE ON THE

HIGH-GAIN ANTENNA REFLECTOR

The high-gain antenna is designed in such a manner that it is free to

move at the end of a boom, which can rotate about a point in the xy-plane

with coordinates x = -21. 0 cm, y = 104.6 cm. The angle between the

direction of the boom in the stowed position and its direction in the com-

pletely deployed position is 155. 20. In the fully deployed position of

the antenna, the lowest point of the antenna dish lies on the y-axis; the

coordinates of this point are xAC = 0, yAC = 207.3 cm, zAC = -56.2 cm.

The axis of symmetry of the antenna is pointed toward the Earth, which

requires a constant updating of the antenna position during the mission

(Fig. 10).

In order to derive the expressions for the solar pressure force and

its moment on the high-gain antenna reflector, we have to establish an
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antenna-fixed system of reference axes xA, YA' zA (Fig. 10). The

zA-axis of this system lies along the geocentric position vector of the

spacecraft. Since, from Fig. 11, the geocentric position vector of the

spacecraft is r - rE, where r E is the heliocentric position vector of the

Earth, the unit vector along the zA-axis will be defined by

z A (73)

The other two axes, xA and yA' lie in the plane passing through the bottom

point of the antenna dish, perpendicular to the spacecraft-Earth direction. 5

Since the directions of the xA - and yA-axes are arbitrary in the xAYA-plane,

we shall follow the convention used in Ref. 1. In other words, we choose

the yA-axis to lie in the yz-plane of the spacecraft-fixed geometric system

of reference, xyz (Fig. 10). The view of the antenna geometry from the

positive direction of the xA-axis is shown in Fig. 12. The antenna is6
always illuminated from the back side, and the angle 4' is the supplementary

angle of the Sun-spacecraft-Earth angle a' (Fig. 12). Thus, from Fig. 11,

a' = arccos (74)

= 1800 - a' (75)

5 Due to the large distance between the spacecraft and Earth, the distance
between the lowest point of the antenna dish and the geometric center of
the spacecraft (origin of the system xyz) can be neglected.

6 See Fig. 14 (Ref. 13).
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The relative positions of the XAYAZA and xyz systems are shown in

Fig. 13, where both systems have the same origin. The transformation

equations between the two systems are

XA
x A = - e 1

YA = e2 cos % + e 3 sin (76)

- X
zA = e2 sin 4 - e 3 cos 0

where xA, YA' zA are the unit vectors along the axes of the system xAYAzA'

respectively. The coordinate transformation is then given by

xA -1 0 0 x - AC

YA 0 cos % sin % y - yAC (77)

z A  0 sin 4 - cos z -ZAC

or, inversely,

x XAC -1 0 0 XA

Y YAC + 0 cos q sin i YA (78)

z ZAC 0 sin 4 - cos ( zA

We shall later use Eq. (78) to obtain the components of the solar pressure

force and of the moment of that force (torque) along the axes of the system

xyz by means of the components of the force and of the moment along the

axes of the antenna-fixed system XAYAZA'

The dish of the high-gain antenna reflector is a paraboloid of

revolution. The depth of the reflector is

h = 21.6 cm (79)
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and the aperture radius is

6 = 68.6 cm (80)

The equation of the reflecting surface is

(xA A' ZA) x +A - z = 0 (81)

where

S= 
(82)

6

The local normal to the convex surface of the antenna reflector is

given by

S 2 XAXA + 2kAYA - z A
N p + (83)

and the unit vector along the spacecraft-Sun direction in the system

XAYAZA is

U = YA sin - zA cos 4 (84)

Hence, from Eqs. (83) and (84),

2X YA sin + cos(8
cos e = N U = (85)

4I + 4zA

From Fig. 12 we see that, when the angle i is

0o I F
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where 4 F is the critical value of the angle at which the shadowing of the

convex (back) surface of the antenna begins, the projection of the illum-

inated surface on the xAYA-plane is a circle of radius 6 (the aperture

radius of the antenna), as shown in Fig. 15. If the shadowing occurs, i. e.,

if the angle 4 is larger than a certain critical value (F '

the projection of the illuminated surface is a segment of the circle with a

central angle 2b (Fig. 15). The value of the angle 4JF can be obtained from

the geometric condition that, when 4 = F, the incident solar ray, shown in

Fig. 15 as passing through the point P, passes through the point C on the

brim of the dish of the antenna reflector, and is tangent to the outside sur-

face of the antenna. From the geometric conditions, it follows that

tan JF (86)

so that, for the antenna of the Mariner Venus/Mercury spacecraft,

qJF = 57.80

We shall now introduce a set of polar coordinates in the xAA-plane.

Since the projection of the illuminated surface is symmetric with respect

to the yA-axis, we should introduce these polar coordinates, R and <p, in

such a manner that the polar angle 9P is measured from the yA-axis in the

positive direction (Fig. 15). This will enable us to evaluate the integrals

which appear in the expressions for the solar pressure force (Eq. 41)

and the moment of the solar pressure force (Eq. 45) over one-half of the

surface and double the result.

In the case when the antenna is partially in the shade, the line which

separates the illuminated part of the surface from the part in the shade

projects in the xAYA-plane as part of a straight line SS 1 (Fig. 15), at a

distance
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Y = ot (87)
S 2X (87)

from the xA -axis. Hence, the central angle i is given by

S cot _cos - 2 Cot(88)

The polar coordinates are defined by

xA = - R sin 'I
r (89)

YA = R cos (p

Hence,

zA = )R2 (90)

cos O = 2kR cos qp sin + cos (91)
1 + 4X kR 2

The surface element, dS, is

dxAdyA 2 (92)dS = = RdR dq 1 4k2R (92)

ZA

Since, for the high-gain antenna, P = 0 (no specular reflection), the solar

radiation force, given by Eq. (41), becomes

- SI 1

p2FA 2 B(f)[y + (1 - y) K(r, 0)] N+ dS cos 0 (93)

S
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The back side of the antenna surface is painted black; very little percentage

of the incident radiation (10%) is reflected and the major portion (90%) is

absorbed and re-radiated isotropically into space as thermal radiation from

both surfaces of the antenna. Hence, Eq. (86) can be written in the form

FA = - [B(f) yN + U] dS cos 0

S

+ B(f) (1 - y) ff K(r,0) N dS cos 0 (94)

S

From Eqs. (83) and (84) we find the components of vectors N and U

along the axes of the antenna-fixed reference system XAYA A . They are

SxA -2XR sin (P
NxA = N* x = 2S+ 4kzA 1 + 4 k2R

2N YA 2XR cos (P
NyA = N - y = (95)

1 + 4kzA 1 + 4 R2

1- -* 1
N = N z -

zA A +4 A  + 4XR

UxA = U xA = 0

UyA = U YA = sin4 (96)

UzA = U * zA = - cos
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Substituting the expression for the function K(r,e) from Eq. (39), by

setting B(f) = 2/3, we obtain, instead of Eq. (94),

X / xA xA
A 2 B(f)[y + (l-y)K] N A + U dS cos 8

S NzA

zA zA

(51 - ff(cos 8) N dS

JJ5 (Cos )5/ N NyA (97)

S N zA

or

12 I + 1 + K (98)

I Kz z ) z

The values of components Ix, Iy , I, Jx, J , J, Kx Ky, Xz for different

values of the angle p are obtained by numerical integrations (see Appendix).

They are shown in Table 13.

The components of the force FA obtained from Eq. (98) for different

values of ;,, are shown in Tables 14 and 15. The component along the

xA-axis of the antenna-fixed system is always

FxA =0

40 JPL Technical Memorandum 33-698



and the values of Fy A and FzA are given in 106 newtons. The values of the

magnitude of the force F A are given in Table 16. The values of the

acceleration

a
aA m

where m is the mass of the spacecraft (m = 498. 534 kg), are given in 1011

km/s 2 and shown in Table 17.

It is obvious, however, that the angle p cannot take all values between

00 and 900 for every value of the ratio ,. Hence, to find the values of

the angle i during the mission of the spacecraft, two unperturbed

(elliptical) trajectories have been generated. The first one covers the

Earth-Venus cruising period, while the second covers the Venus-Mercury

cruise phase. The osculating orbital elements used are:

a = semimajor axis of the ellipse

e = eccentricity of the ellipse

i = inclination of the spacecraft' s orbit to the ecliptic plane

of 1950.0

2 = longitude of the ascending node of the spacecraft' s orbit

w = argument of perihelion of the spacecraft' s orbit

M O = mean anomaly of the spacecraft at the time of the trajectory

initializ ation

All orbital parameters are osculating parameters for a certain date,

and the last four, the angles i, 2, w, and M 0 , are taken relative to the

inertial Earth' s ecliptic reference plane of 1950. 0. For the first cruise

phase, from Earth to the neighborhood of Venus, the orbital parameters

are:

a = 1. 197432 X 108 km

e = 0. 239245

i = 3.2591
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n = 40211884

w = 181.4284

MO = 1860 2239

Epoch = 1973, Nov. 9.81

For the cruise phase between Venus and Mercury, the osculating orbital

elements are taken to be

a = 0.931175 X 108 km

e = 0.258303

i = 423516

Q = 102 1687

w = 27124563

M 0 = 25226186

Epoch = 1974, Feb. 8.71

A simple program (see Appendix) was used to obtain the values of

the angle 4 and the components of the solar radiation force in the high-gain

antenna reference frame XAYAZA, and the magnitude of the acceleration aA.
The results are shown in Table 18. Time is given in days, counted since

the beginning of the Earth-Venus cruise phase (1973, Nov. 3.81).

The moment of the solar pressure force about the origin of the antenna-

fixed reference system is given by Eq. (45):

S

where the function v(0) is given by Eq. (44). Because of the fact that the

specular reflection coefficient P = 0, we find that

v(0) = B(f)[y + (1 - y) K(r, 0)] cos 0
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where K(r, ) is given by Eq. (39). Also,

XA - R sin 9

X = YA R cos )

z XR 2
A

Due to the fact that the xA- component of the force FA vanishes, the

YA- and zA-components of the moment MA vanish, i. e.,

M ( 0 ) = 0
yA

(0 )  0
zA

and the only component (and also the total moment vector) of MA is the

one along the xA-axis, MO)xA The time variations of the magnitude of the

moment M(0) are shown in Table 19.

To obtain the components of the force FA in the spacecraft-fixed

reference system xyz, we shall use the transformation equation (78).

Denoting these components by FAx' FAy, FAz, we find

FA -1 0 0 0

FA = FAy = 0 cos sin FyA (99)

FAz 0 sin i - cos 4 FzA

The values of components FAx, FAy, and FAz are shown in Table 20.

The components of the moment vector of the solar radiation force in

the spacecraft-fixed reference frame xyz (the unit vectors along these axes

have previously been denoted by el, e 2 , e 3 and defined in expressions 66)

can be derived in the following manner.
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The elementary moment vector of the radiation force about the origin

O of the antenna-fixed system of reference is

-(0)dMA X xdFA A

where dF A is the elementary force vector. From Fig. 16, which shows the

spacial relationship between the antenna-fixed and the spacecraft-fixed

reference system, we see that, for any point P of the antenna,

X = XA - X0

Hence,

dM = X X dF - X X dF
A A A 0 A

where

-(C)XA X dF = dMA A A

dM ) = dM(C) - X X dF AA A 0 A

Integrating over the illuminated surface area of the high-gain antenna

reflector, we obtain the moment vector of the solar radiation force about

the origin of the spacecraft-fixed system:

A(C) + X FA (100)

Because of the fact that the moment vector M( 0 ) has only one component,onlyonecomponent,
M(xA ), and since the axis xA and x are antiparallel, we have

_(0)M ) = 0 = 0

0 0
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M ( 0 ) = _ M(o )

Ax xA

Hence,

(0)-M eI e e3
xA 1 2

AC ) = 0 + xAC YAC zAC (101)

0 0 FAy FAz

where xAC' YAC' ZAC (Eq. 78) are the coordinates of the origin of the

antenna-fixed reference frame in the spacecraft-fixed system, el, e 2 , e 3

are the unit vectors along the axes of the spacecraft-fixed system, and, from

Eq. (99),

FAy = Fy A cos + FzA sin

(102)

FAz = FyA sin - FzA cos

At this point it should be mentioned that all of the derived expressions

for the solar radiation force and its moment are valid through the Earth-

Venus and Venus-Mercury phases. After the encounter with Mercury, the

Earth-spacecraft-antisolar point angle 4 becomes greater than 900, and

the Sun rays reach the front (concave) side of the antenna reflector. For

90 < 4 < 1800 - F  122.20

both front and back surfaces of the antenna reflector are partially

irradiated, while for

1800 - F - ' - 1800

the back side of the antenna is in the shade and only the front (concave) side

of the antenna is irradiated. At the point of the superior conjunction (when
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the spacecraft, Sun, and the Earth are on a line, the Sun being between

the Earth and the spacecraft), Lb = 1800

The expressions for the solar pressure and its moment for the concave

side of the high-gain antenna reflector are given in Refs. 1 and 2. The

solar radiation force on the antenna during the extended mission of the

Mariner Venus/Mercury spacecraft (beyond Mercury encounter) will be

treated elsewhere.

XII. THE SOLAR RADIATION FORCE AND TORQUE
ON TWO SOLAR PANELS

The two solar panels of the Mariner Venus/Mercury spacecraft are

flat surfaces covered with solar cells which supply the spacecraft with

electric energy. The x-axis of the spacecraft-fixed frame of reference is

the axis of symmetry of solar panels. The total area of both panels is

5. 8312 m Z (Table 11).

At the beginning of the mission, both solar panels are perpendicular

to the Sun-spacecraft line. Later, when the spacecraft approaches the Sun,

the temperature of the solar panels would rise considerably and the voltage

of the electric power system would suffer considerable changes. For that

reason, in order to counteract and neutralize these effects, the solar panels

are tilted during the mission about the x-axis of the spacecraft-fixed

reference frame in such a manner that the angle of tilt

0 = arccos (U. N)

increases as the distance of the spacecraft from the Sun decreases. The
process is not continuous, and the position of the solar panels is updated

at certain times, as shown in Table 21 (Ref. 14). Both panels are tilted

(rotated) in the same direction in order to avoid additional torques, which

would require an extra amount of fuel to counteract, and by the same angle.

The Sun-side (front side) of the panels is covered with solar cells.

About 22% of the radiant energy is reflected, 75% of it specularly (Table 12).
The remaining 78% of the energy is absorbed and re-radiated from both

surfaces of the panels. Since the emissivity of the antisolar point side is
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higher than the emissivity of the Sun side, that portion of the solar radiation

force due to the thermal re-radiation will, therefore, be directed toward

the Sun. The thickness of the material of which the solar panels are made

is 1. 27 cm, and the thermal conductivity of the material is the same as that

of the antenna reflector.

Since the area of the solar panels is flat and the angle 0 is a step-

function of time, the function K(r, 0), given by Eq. (16), depends on r only.

Hence, because

0

cos 0

0
U= 0

the solar radiation force, given by Eq. (41), becomes, after integration

F SP SP SP  SPcos 0 + B(f) (YSp(1 -
SP - p2 cos SP

0
+ (1 - ySP) K(r, 0)) sin e

cos 0

0
+ (1 - (SP Sp) 0 cos 0 (103)

1

It is easy to see from the spacecraft geometry that the component of this

force along the x-axis of the spacecraft-fixed system is zero, i.e.,

FSPx 0
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By the same token, the moment of the solar radiation force about the

origin of the spacecraft-fixed reference frame xyz vanishes, i. e.,

M 0
SP

This fact can also be derived from Eq. (45), which gives the moment vector

of the solar radiation force. The only two integrals which appear in

Eq. (45) are

ff(XX N) dS
S

and

If(X U) dS

S

The unit vectors N and U are constant insofar as the integration over

the surface area of solar panels is concerned. Hence,

j (XXN) dS = - NX f 5dS

S S

ff(XX U) dS = - U X ff dS

S S

where the integral

Jib dS
S
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represents the static (linear) moment vector of inertia. The origin of the

spacecraft-fixed reference system is located at the center of mass of the

solar panels; therefore,

ffXdS = XC S = 0

S

and the total moment of the solar radiation force vanishes.

The values of the components of the solar radiation force, FSp x

F F s acting on two solar panels during the Earth-Venus and Venus-
SPy' SPs

Mercury phases are computed using the program shown in the Appendix

and in Table 22. The acceleration due to this force is

LSP
aS'p = m

Its values are also listed in Table 22.

XIII. THE SOLAR RADIATION FORCE AND TORQUE ON THE MAIN

SUNSHADE OF THE SPACECRAFT AND THE CIRCUjLAR TV
CAMERA HEAT SHIELD

The main sunshade of the Mariner Venus/Mercury spacecraft consists

of eight flat trapezoidal surfaces and one circular heat shield of radius

45.7 cm in the middle (Fig. 17). All surfaces are adiabatic and, therefore,

K(r, ) = 1

In Table 11, the shades are defined by the coordinates of their end-

points, in the spacecraft-fixed system of reference. Let

SSx

FSS = FSSy

FSSz
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be the total force on the spacecraft' s sunshade. The angle of incidence of

all eight trapezoids are approximately the same. The average value of the

angle is 0 = 15. 860, and the average surface area of one particular
2trapezoid is 0.3500 m2

The cross-section of the sunshade and the force diagram are shown
in Fig. 18. It is obvious that, assuming the same surface areas and the
same angle of incidence, the lateral force components, parallel to the

xy-plane of the spacecraft-fixed system, cancel; therefore, the sum of all
lateral forces will vanish. In other words,

FSSx = FSSy = 0

and, by the same token, the total moment of the solar radiation force

M= 0
SS

To obtain the value of the z-component of the solar radiation force

FSS on eight trapezoids of the main sunshade and the circular heat shield
in the middle, we can use Eq. (103). For the octagon sunshade (Table 12)

ySS = 0. 48 (after exposure)

PSS = 0. 21 (after exposure)

and, for the circular heat shield, 7

yHS = 0. 72 (after exposure)

PHS = 1.0

7 Including the jet nozzle on the +z-axis, which is small.
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Hence, the total force on all shading surfaces along the z-axis is

F SSz - SS [2PSS 'SS cos 2 + B(f) - -SS(I PSS ) cos 6

+ (1 - SS 'SS) + B(f) (1 - -SS) cos 0 ] cos 0

XS AHS
- AS [YHS + B(f) (1 - HS ) + 1 ]

where

2
ASS = 2. 3106 m = total surface area of the illuminated part of

the octagon

z
AHS = 0. 6563 m = area of the circular TV camera heat shield

Thus,

FSSz = - 4.94624 S (newtons) (104)
SSz 2

XIV. THE SOLAR RADIATION FORCE AND TORQUE ON
THE MAGNETOMETER BOOM AND SHADES

The magnetometer boom is a circular cylinder of radius rB = 3.2 cm,

made of silvered Teflon. The position of the axis of symmetry of the

boom relative to the spacecraft-fixed reference frame is defined by two

points on the axis (Table 11), which is parallel to the y-axis of the space-

craft. The length of the boom is

L B = 6.012 m

and the surface of the cylinder is adiabatic, which implies that K(r, 0) = 1.

The position of the boom is shown in Fig. 19; xBO, YBO' ZBO are coordin-

ates of the footpoint of the magnetometer boom, which is taken as the

origin of a local, boom-fixed system of reference axes xBYBzB'
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From Table 12, we find

yB = 0.85 (after exposure)

3B = 1.0

and, from Table 11,

XBO = - 25.4 cm

YB0 = - 120. 7 cm

zBO = 31.8 cm

From Fig. 19 we see that

x = x B + xBO

Y = - YB BO (105)

z = - z B + ZBO

Since the cylinder is symmetric about the plane parallel to the direction of

the solar rays (yBzB -plane), it is easy to conclude that

F = 0Bx

F = 0By

and the only component of the solar radiation force on the magnetometer

boom, FB' is the one along the z-axis, FBz

The unit vector along the local normal to the cylindrical surface of the

boom is given by (Fig. 20)

sin (P
N= 0
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and the unit vector along the spacecraft-Sun line is given by

U = 0
-1

where the angle p9 is measured in the positive direction from the zB-axis.

As we have previously mentioned, the surface of the boom is assumed

to be adiabatic; hence K(r,e) = 1. Also, PB = 1.0; 1 - 13B = 0. The

expression for the solar radiation force along the z-axis, which we take

from Eq. (41) again, is

Bz 2FBz = XS [2yB cos 9 cos 0 - (1 -yB) + B(f)(I-B) cos]cos dS

S

Here

cos 0 = U o N = - cos 9

and

dxB dyB
dS cos p rB dyB d

Hence,

XrB L B  3 T/ 2  3
FBz 2X dB [ 2yB cos y9 + (1 - yB ) cos p

yB= 0 <=iT/2

+ B(f)(1 - yB ) cos Z  ] d(P
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or

6 + - (T - 2)y B kS
Bz 3 B B 2(106)

or

KS
F = - 0.52401 - (newtons) (107)Bz 2

With K(r,8) = 1 and PB = 1.0, the expression for the solar radiation

torque, given by Eq. (45), about the origin of the spacecraft-fixed system of

reference axes, because of

xB + xB0

= -YB + YBO

-zB + ZBO

becomes

e e e . XB

-(C) + dF
= xBO YBO ZBO B X B

0 0 FBz -z
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or

3
YB B cos 9

SX rB LB 3T/2B
BO F BzF 2YB 2 r sin(P cosB XBO Bz 2

P B=0  =pr/2
0 -YB sin (p cos

YB cos

- B(f)(1 - gB) 2 rB sin (p cos 99

-yB sin 9

yB cos O

+ (1 - B ) r B sin cos dyB d

0

After the performed integration, we obtain

(C) F SrBLB L BM = F + 6 + w - (w-)

M( C ) = _ x F
By BO Bz

M(C) 0
Bz

or

(C) L B F( LB
Bx BO 2 Bz

(C) F (108)
By BO Bz

(C) 0M =o
Bz
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Finally, substituting the numerical values of yB' XB0' YB0' rB' and

LB, we obtain

M(C) - 2.20763
Bx 2pX

M(C) = - 0. 13310 S (109)
By P2

(C) = 0
Bz

The three magnetometer shades are flat surfaces made of the same

material from which the magnetometer boom is made. The total area,

perpendicular to the Sun-spacecraft line, of all three sunshades is 0.2566 m2

Since all three surfaces face the Sun, the angle of incidence 0 = 0, and

the total force is along the z-axis of the spacecraft-fixed system of refer-

ence. For K = 1 (surfaces are adiabatic) and PB = 1, the total force on all

three surfaces may be obtained directly from Eq. (103):

0. 2566 X

MSz 3 2  (5 + )  (110).
3p

or

S
F = - 0.50037 P (newtons) (111)
MSz 2

To obtain the total moment of the solar radiation forces on all three

rectangular sunshades, we shall calculate the coordinates of their respec-

tive centers of mass, using end-point coordinates from Table 11. The

results are shown in Table 23.

If F z, i = 1, 2, 3, are the forces on the three sunshades and x

Yci ZCi are the coordinates of their respective centers of mass, the

moment vectors about the origin of the spacecraft-fixed system of

reference, C, are
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e1 e2 e3

(C) - i= 1, 2, 3
MS(i) XCi C1 ZCi

0 0 F(i)MSz

or

YCi

(C) F (i) (112)
MS(i) xCi MSz

0

Because

0.0605 x s
FMSz (5 + y ) = - 0. 11797 -s

MSz 3p 2  (5 + B ) = - 0. 17101 S
MSz 3p 2  p2

(3) 0. 1084 S  k
MSz - 2 S (5 + yB ) =- 0. 21138 -

3 p p

we obtain, using Eq. (112),

C S 0.53956

M- - 0.03014
MS(1) p2

0
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S s1.16974
(C) - 0.04361

0

S0.89076
(C) SMS(3) - 0. 05929

0

Hence, the components of the total moment vectors are

M(C) = 2. 60006 -MSx 2

M(C) - 0. 13304 -S (113)
MSy p2

M (C ) = 0
MSz

in newton-meters.

XV. THE SOLAR RADIATION FORCE AND TORQUE ON THE
THREE IRR INSTRUMENT SUNSHADES

The infrared radiometer (IRR) is protected from the direct solar

radiation by means of two flat, rectangular plates, one perpendicular to

the direction of solar radiation, the other inclined by an angle 0 RS = 43. 100

to the z-axis of the spacecraft-fixed system. The position of the two

sunshades relative to the reference axes of the spacecraft' s reference

system is shown in Fig. 21. Both surfaces are coated with Teflon Beta

cloth and are adiabatic (K(r, 8) = 1). The two reflectivity parameters of

the surface are
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'RS = 0. 21 (after exposure)

YRS = 0. 48 (after exposure)

The surface area of the first sunshade is 0. 0406 m , and the area of

the second (tilted) sunshade is 0. 0299 m 2 . Denoting by T(i) i = 1 2, the

solar radiation forces of two sunshades, we find, using Eq. (103),

0(1) -. 0 ) (newtons) (114)
RS 2

-0.06903

For the second (tilted) sunshade, the cone angle of the normal to the

surface is

RS = 43. 100

and its clock angle is (Fig. 21)

PRS = 218.550

Hence,

cos PRS sin 0RS - 0.53436

i = sin qORS sin 6 = - 0.42581

cos 6 RS 0.73016

and the expr-.ssion for the solar radiation force, '2ken from Eq. (103),

yields

JPL Technical Memorandum 33-698 59



cos pRS sin 0RS

F(2)RS 0.0299 2PRyRS cos RS + B(f)(l - 0RSRS) sin'pRS sin eRS

cos RS

+ (1- PRSYRS) 0 )cos 0 RS

and, finally,

0.008711

FR(2) 0. 006941 2 (newtons) (115)

-0. 031534

(i) (i) (i)
If xRC YRC RC' i = 1, 2, are coordinates of the centers of mass

of the two sunshades, the moments of the solar radiation forces acting on

their respective surfaces, about the origin of the spacecraft-fixed system
C, are

=(C) - -F
ivi ) r X F I' i = 1, 2RS(i) RC RS'

where

(i) (i) - (i) - (i) -
RC = xRC RC e + zRC e 3, i = 1, 2

are position vectors of centers of mass of the IRR shades. The coordinates
of the centers of mass of the two IRR sunshades are given in Table 24.
The moment vectors -(C) i = 2, are

RS(i)'

( 0. 06063
() = -0. 03262 2 (116)RS(1) p2

0

60 JPL Technical Memorandum 33-698



0.02581

M(C) -0.01251 j S (117)

0. 00438 P

The total solar radiation force on both sunshades is then

0.008711

F = (1) + F(Z) 0. 006941 S (newtons) (118)
RS RS RS P2

-0. 100564

and the total moment vector is

S0. 08644

M -0. 04513 - (newton-meters) (119)
RS 2

0.00438

XVI. THE SOLAR RADIATION FORCE AND TORQUE ON
PSE INSTRUMENT SURFACES

The plasma science experiment instrument has three flat adiabatic

surfaces covered with silvered Teflon. The instrument is rotating about

an axis parallel to the xy-axis of the spacecraft-fixed system of reference,

the position of which is defined by two points (Table 11). The areas of the

three rectangular surfaces are 0. 0705, 0. 0830, and 0. 0830 m 2 , respec-

tively, with one of the surfaces always facing the Sun. The lateral com-

ponents of the solar radiation force, parallel to the xy-plane, which are

periodically generated by the rotation of the instrument, are very small due

to the fact that they always appear in antiparallel pairs. Therefore, without

any loss of accuracy, we shall compute the solar radiation force and its

moment on one of the rectangles when its surface area is facing the Sun.

The reflectivity coefficients of the coating material are

yp = 0. 85 (after exposure)

p = 1.0
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Also, K(r,e) = 1. Equation (103) yields, for the solar radiation force,

XS 5+ty F = - 0. 0830 3 0P 2 3

or

0

Fp = 0 85 2 (120)
-0. 16185

The position of the center of mass of the rectangle is defined by the
vector

-0.6445
rPC = - 1.314

0.610

and the moment of the solar radiation force on this surface, about the
origin of the spacecraft-fixed system of reference, is given by

p PC X p

or

-(C) S) = -0.10431 S (newton-meters) (121)

62

0
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XVII. THE SOLAR RADIATION FORCE AND TORQUE ON THE
SURFACE OF THE UVS SUNSHADE

The adiabatic surface of the ultraviolet spectrometer (UVS) sunshade

is a rectangle, perpendicular to the z-axis of the spacecraft-fixed reference

system, coated with the alzak anodized aluminum. The reflectivity param-

eters of the coating material are

YU = 0. 72 (after exposure)

PU = 1. 0

and the surface area is 0.0546 m2. Also, K(r,O) = 1. The expression for

the solar radiation force can be obtained again from Eq. (103), or from the

equation preceding Eq. (120):

X 5 + YU
F = - 0.0546 0

or

0

F =  0 S2 (newtons) (122)

-0. 104104

The center of mass of the rectangle is defined by the vector

(Table 11)

0.2055

rUC = -1.2025

0. 4040
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and the moment of the solar radiation force about the origin of the

spacecraft-fixed reference system is

-. (C) XM = rU F
U UC U

or

0. 12519

-: =(C) 0.02139 - (newton-meters) (123)

0

XVIII. THE SOLAR RADIATION FORCE AND TORQUE ON
ALL ADIABATIC SURFACES

To obtain the total solar radiation force on all adiabatic surfaces, we

have to add algebraically the expressions for the constituent parts of the

force given by Eqs. (104), (107), (111), (118), (120), and (122). The

resultant force is then given by

0.008711

FAD = 0. 006941 . (newtons) (124)

-6.337135 /

In exactly the same manner we shall obtain the total moment of the

solar radiation force on all adiabatic surfaces. By adding algebraically

the corresponding components of moment vectors given by Eqs. (109), (113),
(119), (121), and (123), we obtain

5.23199

D =( -0.39419 0 (newton-meters) (125)
AD 0.39419

0. 00438
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The total acceleration is given by

ADI
aAD m

where m is the mass of the spacecraft.

The results, obtained from the numerical program shown in the

Appendix, are given in Table 25.

XIX. TOTAL SOLAR RADIATION FORCE AND TORQUE ON THE
MARINER VENUS/MERCURY SPACECRAFT

The total solar radiation force on the Mariner Venus/Mercury space-

craft and the moment of the force are obtained by the vectorial addition of

vector force and vector moments on all parts of the spacecraft. They are,

respectively,

FR

F = FRy = FA + FSP + F AD

FRz

(C)
Rx

(C) M(C) (C) + (C)
R Ry A AD

M(C)
Rz

Table 26 gives the values of the components of the total solar radiation

force and the total torque along the axes of the spacecraft-fixed system

of reference. To obtain the moment of the solar radiation force on the

high-gain antenna reflector, the lowest point of the reflector (the origin of

the antenna-fixed reference system xAYAZA) is taken to be in its extreme

position on the +y-axis of the spacecraft-fixed system of reference.
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The magnitude of the total acceleration is

a R
aR m
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DEFINITION OF SYMBOLS AND ABBREVIATIONS

A a constant

[A] transformation matrix

AA value of the constant A for the high-gain antenna

reflector

A B  surface area of the back (not irradiated) surface

A F  surface area of the front (irradiated) surface

A(f) reflectivity function

AL(f) value of the reflectivity function A(f) obtained

from Lambert's directional distribution law

AHS surface area of the TV camera heat shield

ASP value of the constant A for solar panels; also

surface area of solar panels

ASS total surface area of the main octagonal sunshade

AU astronomical unit

a semimajor axis of the spacecraft's orbit
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aA magnitude of the acceleration of the solar radiation

force on the high-gain antenna reflector

aAD magnitude of the total acceleration of the solar

radiation force on all adiabatic surfaces

ai , b i , c i  direction cosines -of the principal axes of inertia

of the spacecraft relative to the axes of the

spacecraft-fixed system xyz (i = 1, 2, 3)

aR magnitude of the total acceleration of the solar

radiation force on the Mariner Venus/Mercury

spacecraft

aSP magnitude of the acceleration of the solar

radiation force on two solar panels

B a constant

[B] transformation matrix

BA value of the constant B for the high-gain antenna

reflector

B(f) reflectivity function

BL(f) value of B(f) obtained from Lambert' s directional

distribution law

BSP value of the constant B for solar panels

C origin of the spacecraft-fixed reference system

c speed of light

D(0) directional distribution law of diffuse reflection

e eccentricity of the spacecraft' s orbit

el, e 2 , e 3  unit vectors along the axes of the spacecraft-

fixed reference frame

el, e2 , e 3  unit vectors along the axes of the Sun-Canopus

reference system

F total solar radiation force
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FA solar radiation force on the high-gain antenna

reflector

FAD total solar radiation force on all adiabatic surfaces

of the Mariner Venus/Mercury spacecraft

FADx' FADy' FADz  components of force FAD along the axes of the

spacecraft-fixed reference system

FAx, FAy, FAz components of force FA along the axes of the

spacecraft-fixed reference system

FB solar radiation force on the cylindrical surface

of the magnetometer boom

FBx, FBy, FBz components of force FB along the axes of the

spacecraft-fixed reference system

FD component of the solar radiation force due to

diffuse reflection

F I  force generated by the incident radiation

FMSz  total solar radiation force on the three magnetom-

eter sunshades

F Sz solar radiation forces on magnetometer sunshades

(i = i, 2, 3)

FN magnitude of force FN

FN normal component of the solar radiation force

Fp solar radiation force on the surface of the PSE

instrument

FR component of the solar radiation force due to

specular reflection

-7R total solar radiation force on the Mariner

Venus/Mercury spacecraft

FRR component of the solar radiation force due to the

thermal re-radiation

FRS total solar radiation force on two IRR sunshades
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(i) solar radiation force on two IRR sunshades
RS

(i = 1, 2)

FRx' FR y , FR z  components of force FR along the axes of the

spacecraft-fixed reference system

FSP solar radiation force on two solar panels

FSPx, FSPy , FSPz components of force FSp along the axes of the

spacecraft-fixed reference system

FSS solar radiation force on the surface of the main

octagonal sunshade of the spacecraft

FSSx, FSSy , FSSz  components of force FSS along the axes of the

spacecraft-fixed reference system

FU solar radiation force on the surface of the UVS

sunshade

F xA, FA, FzA components of force FA along the axes of the

antenna-fixed reference system

F(x, y, z) equation of the reflecting surface

f(6) angular distribution law of the diffuse reflection

h depth of the high-gain antenna reflector

I radiant flux per unit solid angle

IO a constant

I x, Iy, Iz components of the solar radiation force on the

high-gain antenna reflector

IRR infrared radiometer

i inclination of the spacecraft' s orbit plane to the

ecliptic plane of 1950. O0

i unit vector along the first principal axis of

inertia of the spacecraft

J radiant energy per unit area per unit time

J0 solar constant
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Jx, Jy' J z  components of the solar radiation force on the

high-gain antenna reflector

j unit vector along the second principal axis of

inertia of the spacecraft

K thermal re-radiation constant

K(r, 0) thermal re-radiation function

K S  solar radiation constant

Kx, Ky, Kz components of the solar radiation force on the

high-gain antenna reflector

k thermal conductivity of material

k unit vector along the third principal axis of

inertia of the spacecraft -

kA thermal conductivity of the high-gain antenna

reflector

kSP thermal conductivity of solar panels

L B  length of the magnetometer boom

2 thickness of the conducting material

2A thickness of the high-gain antenna reflector

2SP thickness of solar panels

M 0  mean anomaly of the spacecraft at the time of

the trajectory initialization

M total moment of the solar radiation force about

a point O

A(0) moment of the solar radiation force on the high-

gain antenna reflector about the origin of the

antenna-fixed reference frame

_(C)MCA moment of the solar radiation force on the high-

gain antenna reflector about the origin of the

spacecraft-fixed reference system
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M(C) total moment of the solar radiation force on all
AD

adiabatic surfaces of the spacecraft about the

origin of the spacecraft-fixed reference system

M(C) M() M(C) components of the moment vector M(C) along
ADx ADy' ADz AD

the axes of the spacecraft-fixed reference system

MAx component of the moment vector MA along
Ax o

the x-axis of the spacecraft-fixed reference

system about the origin of the antenna-fixed

reference system

(C) (C)MA( component of the moment vector M(AC) along

the x-axis of the spacecraft-fixed reference

system

moment of the solar -radiation force on the
B

cylindrical surface of the magnetometer boom

about the origin of the spacecraft-fixed reference

system

M(C) M(C) M(C) components of the moment vector M(C) along the
Bx' By' Bz B

axes of the spacecraft-fixed reference frame

S(C) total moment of the solar radiation force on all.
MS

three magnetometer sunshades about the origin of

the spacecraft-fixed reference frame

.(C) moments of the solar radiation forces on magnetom-
MS(i)

eter sunshades (i = 1,2,3) about the origin of

the spacecraft-fixed reference system

M(C) M(C) M(C) components of the moment vector M(C) along
MSx' MSy' MSz MS

the axes of the spacecraft-fixed reference

system

M(C) moment of the solar radiation force on the
P

surface of the PSE instrument about the origin

of the spacecraft-fixed reference system
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M) total moment of the solar radiation force on the

Mariner Venus/Mercury spacecraft about the

origin of the spacecraft-fixed frame reference

M total moment of the solar radiation force on two
RS

IRR sunshades about the origin of the spacecraft-

fixed reference system

M(C) moments of the solar radiation forces on two IRR
RS(i)

sunshades (i = 1, 2) about the origin of the

spacecraft-fixed reference system

(C) (C) (C) (C)
M M M components of the moment vector M along the

Rx' Ry' Rz R
axes of the spacecraft-fixed reference system

C)M moment of the solar radiation force on two
SP

solar panels about the origin of the spacecraft-

fixed reference frame

M(C) moment of the solar radiation force on the
SS

surface of the main octagonal sunshade about

the origin of the spacecraft-fixed reference

system

MC) moment of the solar radiation force on the

surface of the UVS sunshade about the origin

of the spacecraft-fixed reference frame

(0) (0) (0) -(0)xA' yA' zA components of the moment MA along the axes
xA yA zA A

of the antenna-fixed reference system

m mass of the spacecraft

N unit vector along the local normal to the

reflecting surface

NxA , NyA, NzA components of the unit vector of the local normal

to the surface of the high-gain antenna reflector

along the axes of the antenna-fixed reference

system

0 origin of the antenna-fixed reference system

P auxiliary constant
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PA value of the constant P for the high-gain

antenna reflector

P normal component of the force F I

PR normal component of the force F R

PSP value of the constant P for solar panels

PSE plasma science experiment (instrument)

Q auxiliary constant

QA value of the constant Q for the high-gain

antenna reflector

QSP value of the constant Q for solar panels

q emissive power of a surface

qB emissive power of the back (not irradiated)

surface

qF emissive power of the front (irradiated)

surface

R polar distance in the xAA-plane of the

antenna-fixed reference frame

R(r, 6) function of the heliocentric distance and the

angle of incidence in the expression for the

thermal re-radiation

r heliocentric distance of the spacecraft

r heliocentric position vector of the spacecraft

rB radius of the magnetometer boom

rE heliocentric position vector of the Earth

rPC position vector of the center of mass of the PSE

instrument surface in the spacecraft-fixed

reference frame

rRC position vectors of centers of mass of IRR

sunshades (i = 1, 2) in the spacecraft-fixed

reference system

JPL Technical Memorandum 33-698 75



rUC position vector of the center of mass of the UVS

sunshade in the spacecraft-fixed reference

system

S surface area

T temperature in kelvins (K)

T unit vector along the local tangent

T* a constant

T 0 (r, 8) first approximation of the surface temperature

TA value of constant T* for the high-gain antenna reflector

T B  temperature of the back (not irradiated) surface

TF temperature of the front (irradiated) surface

T I  tangential component of force F I

T R  tangential component of force FR

T SP value of constant T* for solar panels

U unit vector along the spacecraft-Sun direction

UC unit vector along the spacecraft-star Canopus

direction

UxA, Uy A , UzA components of the unit vector U along the axes

of the antenna-fixed reference system

UVS ultraviolet spectrometer

X position vector of a point relative to the

spacecraft-fixed reference frame

X 0  position vector of the origin of the antenna-fixed

reference system relative to the origin of the

spacecraft-fixed system

XA position vector of a point on the high-gain antenna

surface relative to the origin of the antenna-

fixed reference system
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x, y, z coordinates of a point of the spacecraft in the

spacecraft-fixed reference frame

xA' YA' zA coordinate axes of the high-gain antenna-fixed

reference system

xA'YA' zA unit vectors along the axes of the antenna-fixed

reference frame

xAC'YAC' ZAC coordinates of the origin of the antenna-fixed

reference system in the spacecraft-fixed system

xB' YB' zB coordinate axes of the magnetometer boom-fixed

reference frame

XBO' YBO' ZBO coordinates of the footpoint of the magnetometer

boom in the spacecraft-fixed reference frame

xC' YC, C coordinates of the center of mass of the spacecraft

in the spacecraft-fixed reference system

XCi' Yci' ZCi coordinates of centers of mass of magnetometer

sunshades (i = 1, 2, 3) in the spacecraft-fixed

reference system

(i) (i) (i) coordinates of centers of mass of two IRR sun-
RC'YRC' RC

shades (i = l, 2) in the spacecraft-fixed

reference frame

xS YS, ZS coordinate axes of the Sun-Canopus system of

reference

YS distance from the line of shadow of the high-gain

antenna reflector from the xA-axis of the antenna-

fixed reference system

a value of the angle of incidence (0) at which the

directional distribution law of the diffuse reflection

begins to deviate from Lambert' s cosine law

a Sun- spacecraft-Earth angle

p portion of specularly reflected radiation

PB value of p for the surface of the magnetometer

boom
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PHS value of P for the surface of the TV camera

heat shield

Pp value of p for the surface of the PSE instrument

PRS value of P for the surfaces of IRR sunshades

PSP value of P for the illuminated surfaces of

solar panels

PSS value of p for the surface of the main octagonal

sunshade of the spacecraft

PU value of p for the surface of the UVS sunshade

y portion of reflected radiation

YA value of y for the surface of the high-gain antenna

reflector

yB value of y for the surface of the magnetometer

boom

YHS value of y for the surface of the TV camera heat

shield

yp value of y for the surface of the PSE instrument

YRS value of y for the surfaces of IRR sunshades

YSP value of y for the surfaces of solar panels

YSS value of y for the surface of the main octagonal

sunshade

YU value of y for the surface of the UVS sunshade

5 radius of aperture of the high-gain antenna

reflector

E emissivity of a surface

EB emissivity of the back (not irradiated) surface

EF emissivity of the front (irradiated) surface

(EB)A value of EB for the high-gain antenna reflector

(EB)SP value of EB for solar panels
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(EF)A value of EF for the high-gain antenna reflector

(EF)SP value of EF for solar panels

e angle of incidence of the solar radiation

ORS tilt angle of the second (tilted) IRR sunshade

k constant of the high-gain antenna reflector

XS  solar pressure constant

4 parameter in the diffuse reflection directional

distribution law

v (0) function of the angle of incidence 0

, , coordinates of a point on the spacecraft relative

to the reference system of principal axes of inertia

of the spacecraft

p heliocentric distance of the spacecraft in

astronomical units

ar Stefan-Boltzmann' s constant

r (r, 0) ratio of front and back temperatures of a surface

S central angle in the xAA-plane of the antenna-

fixed reference frame; half of the central angle of

the projection of the illuminated surface of the

antenna in the xAyA-plane

(xA' YA' zA) equation of the convex surface of the high-gain

antenna in the antenna-fixed reference system

cp polar angle in the xAyA-plane of the high-gain

antenna-fixed reference system; also, azimuthal

angle of the incident radiation

(PRS clock angle of the normal to the surface of the

second (tilted) IRR sunshade

Earth-spacecraft- antisolar point angle
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F value of i at which the shadowing of the convex

surface of the high-gain antenna begins

Q longitude of the ascending node of the spacecraft' s

orbit plane

w argument of perihelion of the spacecraft's orbit;

also a solid angle
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Table 1. Values of T(r,6) for the high-gain antenna reflector

T(r,0)

6, deg r= 1.000 r= 0.88 4 r= 0.7 6 8 r= 0. 6 52 r= 0..536 r= 0.420 r= 0.304

0 1.026 1.031 1. 038 1.048 1.063 1.088 1.132

5 1. 026 1. 031 1. 038 1. 048 1. 063 1. 087 1. 132

10 1.026 1.031 1. 038 1.048 1.062 1.087 1.130

15 1.026 1. 031 1. 037 1. 047 1. 062 1. 086 1. 129

20 1.025 1. 030 1. 037 1. 046 1. 061 1. 084 1. 127

25 1.024 1.029 1. 036 1. 045 1. 059 1. 082 1. 124

30 1.024 1..028 1. 035 1.044 1. 057 1. 080 1. 121

35 1.023 1.027 1. 033 1.042 1.055 1.077 1.117

40 1.022 1.026 1.032, 1.040 1.053 1.073 1. 112

45 1.020 1. 024 1. 030 1.038 1. 050 1. 069 1. 106

50 1.019 1.023 1. 028 1. 035 1. 047 1. 065 1. 100

55 1.018 1.021 1. 026 1.033 1.043 1.060 1.093

60 1.016 1.019. 1. 023 1.030 1. 039 1.055 1.085

65 1.014 1.017 1. 021 1.026 1.035 1.049 1.076

70 1.012 1. 014 1. 018 1.022 1. 030 1.042 1.066

75 1.010 1. 012 1. 014 1.018 1.024 1.035 1.054

80 1.007 1..009 1.011 1.014 1.018 1.026 1.041

85 1.004 1.005 1. 006 1.008 1.011 1.016 1.025

90 1.000 1.000 1.000 1.000 1.000 1.000 1.000
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Table 2. Values of T(r,6) for solar panels

T(r,e)

6, deg r= 1.000 r= 0.884 r= 0.768 r= 0.652 r= 0.536 r= 0.420 r= 0.304

0 1. 016 1.019 1.024 1.030 1.040 1.056 1.086

5 1. 016 1. 019 1. 024 1.030 1.040 1. 056 1.086

10 1.016 1.019 1.023 1.030 1.039 1.055 1.085

15 1.016 1.019 1.023 1.029 1.039 1.054 1.084

20 1. 015 1.018 1.023 1. 029 1.038 1. 053 1.083

25 1.015 1.018 1.022 1.028 1.037 1.052 1.081

30 1.015 1.017 1.021 1.027 1.036 1.050 1.078

35 1.014 1.017 1.021 1.026 1.034 1.049 1.076

40 1.013 1.016 1.020 1.025 1.033 1..046 1.072

45 1.013 1.015 1.018 1.023 1.031 1.044 1.068

50 1.012 1.014 1.017 1.022 1.029 1.041 1.064

55 1.011 1.013 1.016 1.020 1. 027 1.038 1.059

60 1.010 1.012 1.014 1.018 1. 024 1.034 1. 054

65 1.009 1,010 1.013 1.016 1.021 1. 030 1. 048

70 1.007 1.009 1.011 1.014 1. 018 1.026 1. 041

75 1.006 1.007 1.009 1.011 1. 015 1.021 1. 034

80 1.004 1.005 1.007 1.008 1. 011 1.016 1. 026

85 1.003 1.003 1. 004 1. 005 1.007 1i. 010 1. 015

90 1.000 1.000 1.000 1.000 1.000 1.000 1.000
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Table 3. Values of K(r,E) for the high-gain antenna reflector

K(r,6)

0, deg r= 1.000 r= 0.884 r= 0.768 r=.0. 6 52 r= 0.536 r= 0.420 r= 0.304

0 0.046 0.056 0.069 0.088 0. 116 0. 161 0.238

5 0.046 0.056 0.069 0.088 0.116 0.160 0.238

10 0. 046 0.055 0.069 0. 087 0. 115 0.159 0.236

15 0.045 0.054 0.. 068 0.086 0.114 0.157 0.233

20 0.044 0.053 0.066 0.084 0. 111 0.154 0.230

25 0. 043 0.052 0. 064 0. 082 0. 109 0. 151 0.225

30 0.041 0.050 0. 062 0.080 0. 105 0. 146 0.219

35 0. 039 0. 048 0. 060 0.076 0. 101 0. 141 0.212

40 0.037 0.045 0.057 0.073 0.097 0.135 0.204

45 0.035 0.043 0.053 0.068 0.091 0.128 0.194

50 0. 032 0. 039 0. 049 0. 064 0. 085 0. 120 0. 183

55 0.029 0.036 0. 045 0.058 0.078 0. 111 0. 170

60 0.026 0.032 0.040 0.052 0.071 0. 101 0.156

65 0. 022 0. 028 0. 035 0. 046 0. 062 0. 089 0. 140

70 0.018 0.023 0.029 0.039 0.053 0.077 0.121

75 0.014 0.018 0.023 0.031 0.042 0.062 0. 100

80 0. 009 0. 012 0.016 0.022 0.031 0.046 0.075

85 0.003 0.005 0.007 0.011 0.016 0.026 0.044

90 -0. 006 -0. 006 -0. 006 -0. 006 -0. 006 -0. 006 -0. 006
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Table 4. Values of K(r,O) for solar panels

K(r, )

6, deg r= 1.000 r= 0.884 r= 0.768 r= 0.652 r= 0.536 r= 0.420 r= 0.304

0 -0. 005 0. 002 0. 010 0. 022 0. 041 0.072 0. 128

5 -0. 005 0.002 0. 010 0.022 0.041 0. 071 0. 128

10 -0.005 0.001 0.010 0.022 0.040 0.071 0.127

15 -0.006 0.001 0.009 0.021 0.039 0.069 0. 125

20 -0. 006 0.000 0.008 0.020 0. 038 0. 067 0. 122

25 -0.007 -0.001 0.007 0.018 0.036 0.065 0.118

30 -0. 008 -0. 002 0. 006 0. 017 0. 034 0. 062 0. 114

35 -0. 009 -0. 004 0.004 0.015 0. 031 0.058 0. 109

40 -0. 010 -0. 005 0.002 0.012 0. 028 0. 054 0. 103

45 -0. 012 -0. 007 0. 000 0.010 0. 024 0. 049 0. 096

50 -0. 014 -0. 009 -0. 003 0. 006 0. 020 0. 044 0. 088

55 -0. 015 -0. 011 -0. 005 0.003 0.016 0.037 0.078

60 -0.017 -0.014 -0.008 -0.001 0.011 0.031 0.068

65 -0. 020 -0. 016 -0. 012 -0. 005 0. 006 0.023 0.057

70 -0.022 -0.019 -0.015 -0.009 0.000 0.015 0.044

75 -0.025 -0.022 -0.019 -0.014 -0.007 0.006 0.030

80 -0. 028 -0. 026 -0. 024 -0. 020 -0. 015 -0. 005 0.014

85 -0. 031 -0. 030 -0. 029 -0. 027 -0. 023 -0. 018 -0. 006

90 -0. 037 -0. 037 -0. 037 -0. 037 -0. 037 -0. 037 -0. 037
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Table 5. Approximate values of K(r,8) for the high-gain
antenna reflector

K(r,8)

0, deg r= 1.000 r= 0.884 r= 0.768 r= 0.652 r= 0.536 r= 0.420 r= 0.304

0 0.046 0.056 0.069 0.088 0. 116 0.160 0.236

5 0.046 0.056 0.069 0.088 0.116 0.160 0.236

10 0.046 0.055 0.069 0.087 0.115 0.159 0.234

15 0.045 0.054 0.068 0.086 0. 113 0.157 0.231

20 0.044 0.053 0.066 0.084 0. 111 0.154 0.228

25 0.043 0.052 0.064 0.082 0.108 0.150 0.223

30 0.041 0.050 0.062 0.079 0.105 0.146 0.217

35 0.039 0.048 0.060 0.076 0. 101 0.141 0.211

40 0. 037 0. 045 0. 057 0. 073 0. 096 0. 135 0.202

45 0. 035 0. 043 0. 053 0. 068 0. 091 0. 128 0. 193

50 0. 032 0. 039 0. 049 0. 064 0. 085 0. 120 0. 182

55 0.029 0.036 0.045 0.058 0.078 0. 111 0. 170

60 0.026 0.032 0.040 0.052 0.071 0. 101 0. 156

65 0.022 0. 028 0. 035 0. 046 0. 062 0. 089 0. 139

70 0. 018 0. 023 0. 029 0. 039 0. 053 0. 077 0. 121

75 0.014 0.018 0.023 0.031 0.042 0.062 0. 100

80 0.009 0.012 0.016 0.022 0.031 0.046 0.075

85 0.003 0.005 0.007 0.011 0.016 0..026 0.044

90 -0. 006 -0. 006 -0. 006 -0. 006 -0.006 -0. 006 -0. 006
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Table 6. Approximate values of K(r,O) for solar panels

K(r,O)

0, deg r= 1.000 r=0.884 r=0.768 r= 0.652 r= 0.536 r= 0.420 r= 0.304

0 -0.005 0.002 0.010 0.022 0.041 0.071 0.128

5 -0.005 0.002 0.010 0.022 0.041 0.071 0.127

10 -0.005 0.001 0.010 0.022 0.040 0.071 0.126

15 -0.006 0.001 0.009 0.021 0.039 0.069 0.124

20 -0. 006 0. 000 0.008 0.020 0. 038 0.067 0. 122

25 -0. 007 -0. 001 0.007 0.018 0.036 0.065 0. 118

30 -0. 008 -0.002 0.006 0.017 0.034 0.062 0. 114

35 -0. 009 -0. 004 0.004 0.015 0. 031 0. 058 0. 108

40 -0.010 -0.005 0.002 0.012 0.028 0.054 0.102

45 -0. 012 -0. 007 0. 000 0. 010 0. 024 0. 049 0. 095

50 -0. 014 -0.009 -0. 003 0.006 0. 020 0.044 0. 087

55 -0.015 -0.011 -0.005 0.003 0.016 0.037 0.078

60 -0. 017 -0.014 -0. 008 -0. 001 0.011 0. 031 0.068

65 -0. 020 -0. 016 -0. 012 -0. 005 0.006 0.023 0.057

70 -0. 022 -0. 019 -0. 015 -0. 009 0.000 0.015 0.044

75 -0. 025 -0.022 -0. 019 -0. 014 -0. 007 0.006 0.030

80 -0. 028 -0. 026 -0. 024 -0. 020 -0. 015 -0. 005 0.014

85 -0.031 -0.030 -0.029 -0.027 -0.023 -0.018 -0.006

90 -0. 037 -0. 037 -0. 037 -0. 037 -0. 037 -0. 037 -0. 037
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Table 7. Approximate values of K(r,6) for the high-gain
antenna obtained by series expansion

K(r,e)

e, deg r= 1.000 r= 0.884 r= 0.768 r= 0.652 r= 0.536 r= 0.420 r= 0.304

0 0.046 0.056 0.069 0.087 0.114 0. 155 0.215

5 0.046 0.056 0.069 0.087 0.114 0.155 0.215

10 0.046 0.055 0.068 0.086 0.113 0.154 0.214

15 0.045 0.054 0.067 0.085 0. 112 0.152 0.212

20 0.044 0.053 0.066 0.084 0. 110 0.149 0.210

25 0. 043 0.052 0.064 0.082 0. 107 0. 146 0.206

30 0. 041 0. 050 0.062 0. 079 0. 104 0. 142 0. 202

35 0. 039 0.048 0. 059 0. 076 0. 100 0. 138 0. 197

40 0.037 0.045 0.056 0.072 0.095 0. 132 0. 191

45 0. 035 0. 043 0. 053 0. 068 0. 090 0. 125 0. 183

50 0. 032 0.039 0. 049 0.063 0. 084 0. 118 0. 174

55 0. 029 0. 036 0. 045 0. 058 0. 078 0. 109 0. 163

60 0. 026 0.032 0.040 0.052 0.070 0. 100 0. 151

65 0. 022 0. 028 0. 035 0. 046 0. 062 0. 089 0. 136

70 0. 018 0.023 0. 029 0.039 0. 053 0.076 0. 119

75 0.014 0.018 0.023 0.031 0.042 0.062 0.099

80 0.009 0.012 0.016 0.022 0.030 0.045 0.074

85 0.003 0.005 0.007 0.011 0.016 0.026 0.044

90 -0. 006 -0. 006 -0. 006 -0. 006 -0.006 -0. 006 -0. 006
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Table 8. Approximate values of K(r,6) for solar panels
obtained by series expansion

K(r,6)

6, deg r= 1.000 r= 0.884 r= 0.768 r= 0. 652 r= 0.536 r= 0.420 r = 0.304

0 -0.005 0.002 0.010 0.022 0.041 0.071 0.124

5 -0. 005 0.002 0.010 0. 022 0. 041 0.070 0. 123

10 -0. 005 0.001 0.010 0. 022 0.040 0.070 0. 122

15 -0. 006 0.001 0.009 0.021 0.039 0.068 0. 120

20 -0. 006 0.000 0.008 0.020 0. 037 0.066 0. 118

25 -0. 007 -0. 001 0.007 0. 018 0. 036 0.064 0. 115

30 -0. 008 -0. 002 0.006 0. 017 0.033 0.061 0. 111

35 -0. 009 -0. 004 0.004 0. 015 0.031 0.057 0. 106

40 -0. 010 -0. 005 0. 002 0. 012 0. 028 0. 053 0. 100

45 -0. 012 -0. 007 0. 000 0. 009 0. 024 0. 049 0. 093

50 -0. 014 -0. 009 -0. 003 0. 006 0. 020 0. 043 0. 086

55 -0.015 -0.011 -0.005 0.003 0.016 0.037 0.077

60 -0.017 -0.014 -0.008 -0.001 0.011 0.030 0.067

65 -0. 020 -0. 016 -0. 012 -0. 005 0. 006 0. 023 0. 056

70 -0. 022 -0. 019 -0. 015 -0. 009 0.000 0.015 0.044

75 -0. 025 -0. 022 -0. 019 -0. 014 -0. 007 0.006 0.030

80 -0. 028 -0. 026 -0. 024 -0. 020 -0. 015 -0. 005 0.014

85 -0. 031 -0. 030 -0. 029 -0. 027 -0. 023 -0. 018 -0. 006

90 -0. 037 -0. 037 -0. 037 -0. 037 -0. 037 -0. 037 -0. 037
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Table 9. Scaled values of D(O)
for chromium (a ! 340)

0, deg D(0)

35 1. 0000

40 1. 0158

45 1. 0632

50 1. 0947

55 1. 1368

60 1. 2368

65 1. 3474

70 1. 5526

75 1. 8579

80 2. 4368

Table 10. Scaled values of D(8)
for wood (a 640)

8, deg D(6)

64 1. 0000

65 0. 9844

710 0. 9469

75 0. 9000

80 0. 7781

85 0. 5000

90 0. 0000
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oTable 11. Survey of irradiated surfaces on Mariner Venus/Mercury spacecraft
(all lengths in centimeters)

Coordinates of endpoints in cm and/or description Surface
materials

Point 1 Point 2 Point 3 Point 4 (Table 1Z) Angle of
Element of Area, Sun Anti- incidence,
spacecraft x y z x y z x y z x y z m2 side solar side Notes deg

+x Solar panel 382. 5 -53. 3 0 382. 5 53.3 0 109. 2 53.3 0 109.2 -53. 3 0 2. 9156 () Thickness 0

-x Solar panel -382. 5 -53. 3 0 -382. 5 53.3 0 -109. 2 53. 3 0 -109.2 -53. 3 0 2. 9156 ) ( 1. 3 cm 0

S/C sunshade Eight trapezoids

Shade 1 92.7 40.4 76.7 92.7 -38.1 76.7 23.1 -9.7 96.5 23.1 9.7 96.5 0.3535 15.89

Shade 2 40.4 96.5 76.7 96.5 40.4 76.7 23.1 9.7 96.5 9.7 23.1 96.5 0.3761 15.06

Shade 3 -40.4 96.5 76.7 40.4 96.5 76.7 9.7 23.1 96.5 -9.7 23.1 96.5 0.3801 15.10

Shade 4 -96.5 40.4 76.7 -40.4 96.5 76. 7 -9.7 23. 1 96. 5 -23. 1 9.7 96. 5 0.3761 Adiabatic 15. 06

Shade 5 -92.7 -38.1 76.7 -92.7 40.4 76. 7 -Z3. 1 9.7 96.5 -23. 1 -9.7 96. 5 0. 3535 15.89

Shade 6 38. 1 -88. 9 76. 7 -88.9 -38.1 I76. 7 -23. 1 -9.7 96. 5 -9.7 -23. I1 96. 5 0. 3161 16. 56

Shade 7 38.1 -8.9 76.7 -38.1 -88.9 76.7 -9.7 -23.1 96.5 9.7 -23.1 96.5 0.3278 16.76

Shade 8 88.9 -38.1 76.7 38.1 -88.9 76.7 9.7 -23.1 96. 5 23. 1 -9.7 96. 5 0. 3161 16. 56

. Magnetometer Cylinder of radius 3. 2 cm points defining the center line are:
boom G-)

b25.4 1-120.71 31.8 1-25.4 1-721.9 31.8 1
Magnetometer Three rectangles 0

Shade 1 -35.1 -441.5 34.0 -16.0 -441.5 34.0 -16.0 -473.2 34.0 -35.1 -473.2 34.0 0.0605 0

Shade 2 -36.3 -663.7 34.0 -14.7 -663.7 34.0 -14.7 -704.3 34.0 -36.3 -704.3 34.0 0.0877 ( Adiabatic 0

Shade 3 -41.4 -401.1 34.0 -14.7 -401.1 34.0 -1
4
.7 -

4 4 1
.

7  
34.0 -41.4 -441.7 34.0 0.1084 0

IRR sunshades Two rectangles

(D Shade 1 -46.2 -73.7 73.4 -61.0 -85. 6 73.4 -48.3 -102.1 73.4 -33.5 -89.9 73.4 0.0406 Adiabatic 0

O Shade 2 -61.0 -85.6 73.4 -69.1 -91.9 63.8 -56.1 -108.2 63.8 -48.3 -10Z. 1 73.4 0.0299 43.10

PSE instrument Three rectangles, rotating

) Surface 1 -65.3 -111.8 61.0 -82.0 -140. 5 61.0 -63.5 -150.9 61.0 -47.0 -122.4 61.0 0.0705 0

Surface 2 -47.0 -122.4 61.0 -63.5 -150.9 61.0 -63.5 -150.9 35.8 -47.0 -122.4 35.8 0.0830 ( Adiabatic 0

(D Surface 3 -82. O -140.5 61.0 -65.3 -111.8 61.0 -65.3 -111.8 35.8 -82.0 -140.5 35.8 0.0830 0

Rotation axis Two points defining the axis: -56.6 -117.3 53.3 -72.9 -145. 5. 53. 3 0
O

UVS sunshade One rectangle

6.6 -110.5 40.4 34.5 -110.5 40.4 34.5 -130.0 40.4 6.6 -130.0 40.4 0.0546 Adiabatic 0

TVCA heat One annulus perpendicular to and centered on z-axis, at z = 96. 5 cm, inner radius = 7. 6 cm, 0. 1595 Adiabatic 0
shield outer radius = 45. 7 cm 0.155 ( Adiabatic 0

High-gain Paraboloid of revolution, aperture radius = 68. 6 cm, depth = 21. 6 cm Curved ) Thickness Variable



Table 12. Optical properties of reflecting materials

Unexposed After exposure

Material
Number Material y P y E .

1 Silvered Teflon 0.93 1.0 0.80 0.85 1.0 0.80

127 i m thick ±0. 02 ±0. 03 ±0. 03 ±0. 03

2 DC92-007 0.79 0. 51 0.85 0. 50 0. 50 0. 85

white paint ±0. 02 ±0. 03 ±0. 05 ±0. 03

(TiO 2 )

3 Z-93 paint 0.84 0 0.90 0.74 0 0.90

(ZnO/K 2 SiO 3 ) ±0. 02 ±0. 03 ±0. 03 +0. 03

4 Alzak anodized 0.86 1. 0 0.74 0.72 1. 0 0.78

aluminum ±0. 02 ±0. 03 ±0. 03 ±0. 03

5 Aluminized 0. 89 1. 0 0.03 0.85 1. 0 0.03

Teflon ±0. 02 ±0. 03 ±0. 04 ±0. 03

25.4 .m thick

6 Beta cloth 0.79 0.13 0.842 0.48 0.21 0.842

Teflon ±0.02 ±0. 03 ±0.31 ±0. 03

7 Cat-a-lac 0. 10 0 0.89 0. 10 0 0.89

black paint ±0.02 ±0.03 ±0. 03 ±0.03

8 Solar cells 0. 22 0.75 0.79 0. 22 0.75 0.79
±0.02 ±0. 03 ±0. 02 ±0. 03
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Table 13. Components of the solar radiation force on the high-gain antenna

Solar radiation force, 106 meters
Component

= 0 = 100 = 20" = 300 = 400 = 50t t= 600 L = 700 = 800 = 900

I 0 0 0 0 0 0 0 0 0 0x

J 0 0 0 0 0 0 0 0 0 0x

K 0 0 0 0 0 0 0 0 0 0x

I 0 -1. 1559 -2. 1639 -2.9177 -3. 3221 -3. 3291 -2.9399 -2.2917 -1. 5773 -0.9201

J 0 -0. 0053 -0. 0101 -0. 0139 -0. 0163 -0. 0169 -0. 0157 -0. 0125 -0. 0084 -0. 0046
y

K 0 0.0005 0.0007 0.0009 0.0010 0.0009 0.0007 0.0005 0.0003 0.0001
SY

I 7.4422 4. 6954 6.4473 5. 5162 4.3683 3. 1368 1.9646 1. 0273 0.4080 0.0777Mz

. J 0.1883 0. 1837 0.1703 0.1494 0. 1233 0.0946 0.0666 0.0426 0.0240 0. 0112o z

K -0. 0096 -0. 0093 -0. 0084 -0. 0071 -0. 0055 -0. 0039 -0. 0026 -0. 0015 -0. 0007 -0. 0003

o

PU



Table 14. Values of the component FyA

F 106 newtonsyA'

= p= p= = = P P
4, deg 1. 000 AU 0. 884 AU 0. 768 AU 0.652 AU 0. 536 AU .0. 420 AU 0. 304 AU

0 0 0 0 0 0 0 0

10 -1. 156 -1.480 -1.963 -2. 728 -4..045 -6..607 -12. 654

20 -2. 173 -2. 783 -3. 692 -5. 130 -7. 60"6 -12.425 -23. 804

30 -2. 931 -3.753 -4.978 -6. 918 -10. 259 -16. 761 -32. 124

40 -3.337 -4.274 -5.670 -7.879 -11.686 -19.098 -36.626

50 -3.345 -4.285 -5.684 -7.899 -11.718 -19.156 -36.769

60 -2.955 -3.785 -5.021 -6.980 -10.356 -16.937 -32.544

70 -2. 304 -2. 951 -3. 915 -5.443 -8. 077 -13. 214 -25.413

80 -1. 586 -2. 031 -2. 694 -3. 746 -5. 559 -9. 096 -17. 504

90 -0. 925 -1. 184 -1. 571 -2. 184 -3. 241 -5. 303 -10. 206



Table 15. Values of the component FzA

F z 106 newtons
zA'

p = P = P = p = p = p= p=
4, deg 1. 000 AU 0. 884 AU 0.. 768 AU 0.652 AU 0. 536 AU 0. 420 AU 0. 304 AU

0 7. 442 9. 567 12. 753 17. 846 26. 736 44. 365 87. 062

10 7. 22,8 9. 291 12. 386 17. 334 25. 970 43. 101 84. 608

20 6. 609 8. 497 11. 328 15. 856 23. 762 39. 454 77. 525

30 5. 659 7. 276 9. 702 13. 584 20. 366 33. 842 66. 611

40 4.486 5. 770 7. 696, 10.780 16.174 26. 909 53. 101

50 3. 228 4. 152 5. 542 7. 768 11.668 19.450 38. 528

( 60 2. 029 2. 612 3. 489 4. 897 7.371 12.328 24. 571

70 1.068 1.377 1.843 2.594 3.920 6.597 13.294

80 0.431 0. 558 0. 750 1. 061 1.617 2.758 5. 685

0 90 0. 089 0. 116 0. 159 0.231 0.364 0.653 1.457

00

!0



Table 16. Values of the magnitude of the force F A

Magnitude of force FA, 10-6 newtons

= p= p= p= P= P = P
4, deg 1. 000 AU 0. 884 AU 0.768 AU 0.652 AU 0. 536 AU 0. 420 AU 0. 304 AU

0 7.442 9.567 12.753 17.846 26.736 44.365 87.062

10 7.320 9.409 12.541 17.547 26.283 43.604 85.549
o

20 6.957 8.941 11.915 16.665 24.950 41.364 81.097

30 6.372 8. 187 10. 905 15.244 22.804 37. 765 73. 953

40 5. 591 7. 180 9. 959 13.326 19.954 32. 997 64.507

50 4.648 5.967 7.938 11.079 16.536 27.300 53.258

60 3.584 4.599 6.114 8.526 12.711 20.949 40.778

70 2. 539 3..257 4.327 6.029 8. 977 14.769 28.681

80 1.643 2. 106 2. 797 3. 893 5.789 9. 505 18.404

90 0.929 1.190 1.579 2.196 3.261 5.343 10.309



Table 17. Values of the acceleration aA

Acceleration aA, 10 km/s

p P P p= P = = p =P
4, deg 1. 000 AU 0.884 AU 0.768 AU 0.652 AU 0. 536 AU 0.420 AU 0.304 AU

0 1. 493 1.919 2.558 3.580 5.363 8.899 17.464

10 1.468 1. 887 2. 516 3. 520 5.272 8. 747 17. 160

20 1. 396 1.794 2.390 3.343 5. 005 8.297 16. 267

30 1. 278 1.642 2.187 3.058 4.574 7.575 14.834

40 1. 122 1.440 1.917 2. 678 4. 003 6.619 12. 939

50 0. 932 1. 197 1. 592 2.222 3. 317 5.476 10. 683

60 0. 719 0. 922 1.227 1. 710 2. 550 4. 202 8. 180

70 0. 509 0.653 0.868 1.209 1.801 2.963 5.753

80 0.330 0.423 0. 561 0.781 1. 161 1. 907 3. 692

90 0.186 0.239 0.317 0.441 0.654 1. 072 2.068

!-



Table 18. Components of the solar pressure force on the high-gain

antenna reflector of the Mariner Venus/Mercury spacecraft

along the axes of the antenna-fixed reference system

, aA, FxA, FyA, FzA, IFAI,

Time,
days deg 1011 km/s 2  

1 0 b N 106 N 106 N 106 N

.00 90.00 .1872 .0000 -.9312 .0631 .9333

1.00 90.00 .1873 .0000 -.9319 .0631 .9340

2.00 90.00 .1875 .0000 -*9327 .0632 .9348

3,u0 90.00 .1877 .0000 -.9336 .0633 .9358

4,U0 90.00 .1879 .0000 -.9347 .0633 .9369

5.00 89.46 .1949 .0000 -.9688 .0747 .9717

6.00UU 88.69 .2051 .0000 -1.0182 .0922 1.0224

7.00 87.91 .2157 .0000 -1.0694 .1114 1.0752

8.Uu 87.13 .2267 .0000 -1.1222 .1323 1.1300

9.00 86.33 .2381 .0000 -1.1766 .1551 1.1868

10.00 --85.53 .2499 .0000 -1.2328 .1799 1.2458

1l1.uo 84.72 .2622 .0000 -1.2906 .2067 1.3070

12.UO 83*91 .2749 .0000 -1,3501 .2398 1.3705

13.U00 3.08 .2861 .0000 -1.4114 .2672 1,4364

14.00 82.25 .3018 .0000 -1.4744 .3011 1.5048

15.00 81.41 .3161 .0000 -1,5392 .3576 1,5757

16.00 80.56 .3308 .0000 -1.6058 .3768 1*6494

17.00 79.70 .3462 .U0000 -1.6742 .4191 1.7258

18.uU 78.83 .3621 .0000 -1*7445 .4644 1.8052

19.00 77.96 - .3786 .0000 -1.8166 .5131 1.8877

20.00 77.077/ .3958 .0000 -1.8907 .5653 1.9734

21.00 76.17 .4137 .0000 -1.9666 .6213 2.0624
22.00 75.25 .4323 .0000 -2.0445 .6812 2.1550

23.UU 74.63 .4516 .0000 -2.1242 .7454 2.2512

24U00 73.39 .4716 .0000 -2*2059 .8140 2.3513

25.00 72.44 .4925 .0000 -2o2894 .8874 2.4554

26.00 71.48 .5142 .0000 -2.3748 .9658 2.5637

27.U0 70.50 .5368 .0000 -2,4619 1.0495 2.6763

26.UU 69.51 .5603 .0000 -2.5508 1.1389 2.7935

29.00 68.50 .5848 .0000 -2.6413 1.2342 2.9154

30.00u 67.48 .6102 .0000 -2.7333 1.3359 3.0423

31.00 66.44 .6367 .0000 -2.8267 1.4441 3.1742

32.00 65.38 .6642 .0000 -2.9213 1.5593 3.3114
3300 64.31 .6928 .0000 -3.0169 1.6818 3.4540

34.UU 63.22 .7226 .0000 -3.1133 1.8122 3.6023

35.00 62.11 .7534 .0000 -3.2101 1.9503 3.7561

36.UU 60.99 .7854 .0000 -3.3068 2.0967 3.9155

37.uu 59.84 .8185 .0000 -3.4031 2.2516 4.0805

38.UU 58.68 .8527 .0000 -3.4984 2.4150 4.2510

39.u0 57.50 .8879 .0000 -3.5917 2.5870 4.4264

40,UU 56.0 .9238 .0000 -3.6816 2.7671 4.6056

41.00 55.09 .9605 .0000 -3.7677 2.9552 4.7884

42.Uu 53.85 .q979 ,0000 -3.8494 3.1513 4.9748

43.uL 52.60 1.0360 .0000 -3.9262 3.3555 5.1647

44.00 51.32 1.0748 .0000 -3.9976 3.5677 5.3581
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Table 18 (contd)

,Time, aA FxA, FyA FzA, IFA,
Time,
days deg 1011 km/s 2  106 N 106 N 106 N 106 N

45.UU 50.03 1.1142 .0000 -4.0630 3.7879 5.5548
46.Uu 48.72 1.1543 .o00o -4.1219 4.0159 5.7548
47.UO 47*40 1.1951 .0000 -4,1737 4.2515 5.9578
48.Uu 46.06 1.2363 .0000 -4.2178 4.4942 6.1635
49.UU 44.70 1.2782 .0000 -4.2538 4.7443 6.3720
50.0U 43*32 1.3205 .0000 -4.2811 5.0009 6.5831
51.00 41.94 1.3633 .0000 -4.2992 5.2637 6.7963
52U.0 40.54 1.4064 .0000 -4.3075 5.5322 7.0114
53.00 39.13 1.4499 .0000 -4.3058 5.8056 7.2281
54U.0 37.71 1.4936 .0000 -4.2936 6.0834 7.4460
55.00 36.29 1.5374 .0000 -4.2707 6.3646 7.6646
56.UU 34.86 1.5814 .0000 -4.2368 6.6488 7.8840
57.UU 33.43 1.6254 .0000 -4.1921 6,9344 8.1030
58.00 32*00 1.6693 .0000 -4.1364 7.2211 A,3219
59O0 30.58 1.7130 .0000 -4.0703 7.5073 8.5397
60.00 29.17 1.7564 .0000 -3*9940 7.7921 8.7561
61.0U 27.78 1.7994 .0000 -3*9082 8.0745 8,970i
62.Uu 26.41 1.8419 .0000 -3.8140 8.3532 9.1827
63.UU 2b.07 1.8839 .0000 -3.7125 8.6270 9.3919
64.0U 23.77 1.9251 .0000 -3.6054 8.8945 9.5975
65.00U 22.52 1.9656 .0000 -3.4946 9,1549 9.7992
66.00 21.33 2.0052 .0000 -3.3827 9.4066 9.9964
67*00 20.21 2.0437 .0000 -3.2726 9.6486 10.1885
68.00 19.19 2.0811 .0000 -3.1678 9.8795 10.3750
69.00 18.27 2.1173 .0000 -3.0723 10.0984 10.5554
70.U 17.48 2.1522 .000U -2.9904 10.3042 10.7293
71.00 16.84 2.1357 .0000 -2.9268 10.4958 10.896272.U0 16.36 2.2176 .0000 -2.8862 10.6722 11.0556
73.00 16.06 2.2480 .0000 -2.8725 10.8327 11.207174.00 15.95 2.2767 .0000 -2.8890 10,9765 11.350375.00 16.03 2.3037 .0000U -2.9375 11.1027 11.4847
76.Uu 16.30 2.3288 .0000 -3.0184 11.2109 11.610177.Uu 1I.75 2.3521 .0000 -3.1306 11.3004 11.7260
78.0u 17.37 2.3734 .0000 -3.2716 11.3709 11.8322
79.uu 18.13 2.3927 .0000 -3.4384 11.4220 11.9283
80U00 19.02 2.4099 .0000 -3.6271 11.4533 12.0139
81.00 20U.U 2.4249 .0000 -3.8341 11.4648 12.0889
82UO 21.10 2.4377 .0000 -4.0554 11.4564 12.1530
83.Uu 22.26 2.4483 .0000 -4.2678 11.4279 12.2058
84.UO 23.48 2.4566 .0000 -4*5279 11.3794 12.2471
5.*00 4.75 2.462b .0000 -4.7727 11.3109 12.2767

86.00 26.07 2.4661 .0000 -5.0196 11.2228 12.2942
87.uU 27.42 2.4671 .0000 -5.2661 11.1151 12.2Q95
88.U 28.80 2.4bb7 .0000 -5.5100 10.9881 12.2922
39.Uu 30.20 2.4617 .0000 -5.7491 10.8422 12.2722
90.uO 31.63 2.4550 .0000 -5.9817 10.6778 12.2391
0l.JU 33.06 2.4457 .000 -6.2058 10.4954 12.19299 2.Uu 34.51 2.4337 .0000 -6.4200 10.2953 12.1330
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Table 18 (contd)

e aA, FxA, FyA, F zA, FA ,

Time,
days deg 1011 km/sZ 106 N 106 N 106 N 106 N

92,Uu 32.55 2.4832 .0000 -6.1765 10.7286 12,3796

93,U0 33.25 2.4682 ,0000 -6.3442 10.6595 12.4045

94.00U 34.16 2.4926 .0000 -6,5130 10.5832 12.4267

95.00 35.10 2.4964 .0000 -6.6828 10.4993 12.4456

96.0U 36.05 2.4995 .0000 -6.8528 10.4076 12,4611

97.Uu 37.02 2.5019 *0000 -7.0226 10.3077 12.4726

98.UU 3b.01 e.5033 .0000 -7.1915 10.1994 12.4798

99.00 39.02 2.5038 .0000 -7,3591 10.0822 12.4823

100.UO 40.04 2.5032 .0000 -7.5246 9.9556 12.4793

101.OU 41.08 2.5015 .0000 -7.6872 9.8195 12.4706

102.00 42.15 2.4984 .0000 -7.8463 9.6732 12.4553

103.00 43.22 2.4939 .0000 -8.0010 9.5162 12.4328

104.Uu 44.32 2.4878 .0000 -8.1504 9.3482 12.4023

105.UU 45.44 2.4798 .0000 -8.2934 9.1685 12.3629

106.00 46.58 2.4700 .0000 -8.4289 8.9767 12.3137

107.U0 47.73 2.4580 .0000 -8.5557 8,7723 12.2537

108.00 46.91 L.4435 .0000 -896724 8.5548 12.1818

109.UU 50.11 2.4265 .0000 -8.7775 8.3239 12.0968

110.00 51.53 2.4065 .0000 -8.8693 8.0789 11.9972

111.00 52*b8 2.3834 .0000 -8.9462 7.8197 11.8820

112.00 53.b4 2.3568 .0000 -9.0059 7.5457 11.7493
113.00 55.14 2.3263 .0000 -9.0465 7.2569 11.5975

114.00 56.45 2.2917 .0000 -9.0656 6.9532 11.4251

115U00 57680 2.2526 .0000 -9*0607 6.6347 11.2301

116.UU 59.17 2.2(089 .0000 -9.0303 6.3U24 11.0121

117U0 60.57 2.1611 .U000 -8.9754 5.9591 10.7736

118.U0 b2.00 2.1093 .0000 -8.8959 5.6069 10.5155

119.00UU 65.46 2.0536 .0000 -8.7911 5.2474 10.2381

120.UG 64.95 1.9942 .0000 -8.6603 4.8822 9.9417

121.U0 66.47 1.9309 .000 -8.5028 4.5133 9.6264

122.00 68.02 1.8639 .0000 -8.3180 4.1422 9.2923

123.00 69.61 1.7932 .0000 -8.1052 3.7710 S,9395

124.00UU 71.24 1.7168 .0000 -7.8643 3.4021 8.5686

12500UU 7269 1.6408 .0000 -7.5951 3.0377 8.1800

126.Uu 74.58 1.5595 .0000 -7.2979 2.6804 7.7746

127.00U 7b*31 1.475u .0000 -6.9735 2.3329 7.3534

128.U00 7b.07  1.3877 .0000 -6.6231 1.9981 6.9179

129.00 79.b7 1.2976 .0000 -6.2482 1.6787 6.4697

130.U0 81.71 1.2057 .0000 -5.8510 1.3777 6.0111

131.U0 83.57 1.1121 .0000 -5.4346 1.0978 5.5444

132.UU00 85.4 1.0175 .0000 -5.0024 .8417 5.0727

133.00 87.41 .9226 OO000 -4.5585 .6116 4.5994

134.uu 69.37 .8280 .0000 -4.1077 '.4095 4.1281

135.UU 90.00 .8066 .000 -4.0056 .3563 4.0214

136.00 90.00 .8180 .0000 -4.0620 .3626 4.0781
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Table 19. Solar torque on the high-gain antenna of the
Mariner Venus/Mercury spacecraft

Time, Torque, Time, Torque, Time, Torque,
days 10 6 N • m days 10 6 N m days 106 N - m

.00 .1467 4b500 .9358 90.00 1.3746
1.0U0 1468 46.00 .9484 91.00 1.4273
2,00 .1470 47.00 .9594 92.00 1.4780
3.00 .1471 48.00 .9687 92.00 1.4204
4.00 .1473 49.00 .9761 93.00 1.4599
5.00 .1553 50.00 .9816 94*00 1.4997
6.00 .1672 51.00 *9850 95.00 1.5399 *7.00 .1796 52.00 *9863 96.UU 1.5803
8.00 .1926 53.00 *9853 97.00 1.6208
9.00 o2061 54.00 .9819 98.00 1,6612
10.00 .2203 55.00 .9761 99.00 1.7014
11.00 .2351 56.00 .9679 1UU.00 1.741312.00 .2505 57.00 *9572 101.00 1.7808
13.00 .2664 58.00 .9441 1u2.00 1.196
14.00 .2830 59.00 .9287 103.00 1.8576
15.00 .3002 60.00 .9110 14.00 1.8945
16.00 .3181 61.00 .8911 10b.00 1.9302
17.00 .3365 62.00 .8694 lu6.UO 1.9644
18.00 .3555 63.00 .8461 107.00 1.9968
19.00 .3752 64.00 .8216 108.00 2.0272
20.00 .3954 65.00 .7962 109.00 2.0551
21.00 .4163 66.00 .7706 110.00 2.0802
22.00 .4377 67.00 .7455 11.0 2.1022
23.00 .4596 68.00 .7216 112.00 2.1205
24.00 .4821 69.00 .6999 113.00 2.1347
25.00 .9050 70*00 .6812  114.00 2.1442
26.00 .5284 71.00 .6668 115.00 2.1484
27.00 .5522 72.00 .6576 116.00 2.1465
28.00 .5763 73.00 .6546 117.00 2.1368
49.00 .6006 74.00 .6585 118.00 2.1187
30.00 .6251 75.00 .6697 119.00 2.0915
3100 .6497 76.00 .6883 120.00 2.0547
32.00 .6742 77.00 .7141 121.00 2.0082
33.00 .6986 78.00 .7465 122.00 1.9517
34.00 .7227 79.00 .7849 123.00 1.8854
35.00 .7464 dO.00 .8283 124.00 1.8094
36.00 .7694 d1.00 .8760 125.00 1.724237.o0 .7917 62.00 .270 126.00 1.6302
38.00 .8131 83.00 .9806 127.U0 1.528239.00 .8336 64.00 1.0361 128.00 1.4193
40.00 .R532 85.00 1.0928 129.00 1.3046
41.00 .8719 86.UO 1.1500 130.00 1.1855
42.00 .8897 67.00 1.2073 131.00 1.0635
43.00 .9063 88.00 1.2642 132.00 .9405
44U00 .9218 89,0U 1.3201
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Table 20. Components of the solar pressure force in the

spacecraft-fixed reference frame

Time, FAx, FAy, FAz, TFAI
days p, AU q, deg 10 6 N 10 6 N 10 6 N 10 6 N

.00 .991198 90.000 .000000 *063079 -.931169 .933303

1.00 .990837 90.000 *000000 .063131 -.931850 .933987
2.00 .990404 90.000 .000000 .063193 -.932669 .934807
3.00 .989899 90.000 .000000 .063266 -.933624 .935765
4.00 .989322 90.000 .000000 .063350 -.934716 .936861
5.00 .988674 89.463 .000000 .065630 -.069448 .971667
6.00 .987954 88.692 .000000 .068935 -1.020083 1.022410
7.00 .987162 61.913 .000000 .072354 -1.072728 1.075165
8.00 .986299 87.127 .000000 .075885 -1.127401 1.129952

9.00 .985365 86.333 .000000 .079531 -1.184150 1.186817
10.00 .984359 85.532 .000000 .083291 -1.243037 1.245824
11.00 *983281 84.723 .000000 .087169 -1.304128 1.307038
12.00 .982133 t3.907 .000000 .091166 -1.367510 1.370546
13.00 .980913 83.083 .000000 .095285 -1.433270 1.436434
14.00 .979623 82.251 .000000 .099529 -1.501501 1.504796
15.00 .978262 81.411 .000000 .103901 -1.572314 1.575744
16.00 .976830 80.561 .000000 .108404 -1.645817 1.649384
17.00 .975327 79.702 .000000 .113042 -1.722130 1.725837
16*00 .973754 78.834 .000000 .117817 -1.801383 1.805232
19.00 .972111 77.955 .000000 .122734 -1.883705 1.887699

20.00 .970398 77.066 .000000 .127795 -1.969239 1.973381
21.00 o968615 16.165 .000000 .133003 -2,058131 2.062424
22.00 .966762 75.253 .000000 .138363 -2.150536 2.154983
23.00 *964840 '4.328 .000000 .143875 -2.246613 2.251215
24.00 *962848 73.391 .000000 .149544 -2.346531 2.351291
25.00 .960788 72.441 .000000 .155372 -2.450459 2.455380
26.00 .958658 71.477 .000000 .161359 -2.558572 2.563655
27.00 .956460 70.499 .000000 .167507 -2.671053 2.676301
28.00 .954194 b9.507 .000000 .173817 -2.788082 2.793495
29.00 .951860 68.499 .000000 .180288 -2.909843 2.915423
30.00 .949458 67.476 .000C00 .186917 -3.036521 3.042269
.31.00 .946989 o6.437 .000001 .193703 -3.168289 3.174204
32.00 .944453 65.381 .000000 .200639 -3.305316 3.311400
33.00 .941850 64.309 .000000 .207719 -3.447750 3.454002
34.00 .939181 63.21b .000000 .214941 -3.595909 3.602327
3b.00 .936445 62.111 .000000 .222272 -3.749501 3.756083
36.00 .933645 60.98b .000000 .229704 -3.908764 3.915508

37.00 .930779 59.844 .000000 .237210 -4.073647 4.080548
38*.00 .927849 58.682 .000000 .244752 -4.243961 4.251013
39.00 .924855 57.502 .000000 .252267 -4.419173 4.426367
40.UU00 .921796 56.304 .000000 .259658 -4.598249 4,605574
41.00 .918675 55.087 .000000 .266873 -4.780956 4.788399
42.00 .915491 53.851 .000000 .273873 -4.967263 4.974807
43.00 .912245 52.596 .000000 .280616 -5.1571.08 5.164737
44.00 .908938 51.323 .000000 .287059 -5.350417 5.358112
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Table 20 (contd)

Time, FAx, FAy, FAz, FA '

days p, AU 4, deg 106 N 106 N 106 N 106 N

45.00 .905570 50.032 .000000 .293156 -5#547084 5.554825
46.00 .902141 48.723 .000000 .298858 -5.746992 5.754757
47.00 .898654 47.397 .000000 .304115 -5.949985 5.957752
46.00 .895108 46.055 .000000 .308874 -6.155715 6.163459
49.00 .891503 44.697 .000000 .313090 -6.364351 6.372048
50.00 .887341 43.323 *000000 *316708 -6.575462 6.583085
51.00 .884123 41.936 .000000 .319677 -6.788778 6.796300
52.00 .880350 40.537 .000000 .321948 -7.004007 7.011403
53.00 .876b22 39.128 .000000 .323476 -7.220830 7.228071
54.00 .872640 37.710 .000000 .324218 -7.438897 7.445959
55.00 *868706 36.286 .000000 .324142 -7.657785 7.664642
56.00 .864721 34.856 .000000 .323210 -7.877327 7.883955
57.00 .860685 33.428 .000000 .321416 -8*096666 8.103043
58.00 .856599 32.000 .000000 .318737 -8.315791 8.321897
59.00 .85246b 30.581 .000000 .315189 -8.533874 8.539693
60.00 .848286 29,172 .000000 .310790 -8.750579 8,756096
61*00 .844061 27.780 .000000 .305577 -8.965397 8.970603
62.00 .839791 26.411 .000000 .299613 -9.177807 9.182697
63.00 .835480 25.071 .000000 .292987 -9.387281 9.391852
64.00 .831127 23.772 0000000 .285824 -9.593200 9.597457
65,00 .826735 22.520 .000000 .278260 -9.795238 9.799190
66.00 .822304 21.330 .000000 *270502 -9*992704 9.996364
67.00 .817836 20.214 .000000 .262785 -10.185078 10.188467
68.00 .813338 19.189 .000000 .255393 -10.371847 10.374991
69.00 .808d05 18.271 .000000 .248653 -10.552515 10.555444
70.00 .804242 17.481 .000000 .242932 -10.726590 10.729340
71.00 .799u51 16.836 .000000 .238622 -10.893602 10.896216
72.UU .795034 16.357 .000000 .236116 -11.053096 11.055618
73.U0 .790393 16.057 .000000 .235768 -11.204633 11.207114
74.00 .785730 15.947 .000000 .237864 -11.347796 11.350288
75.00 .781049 16.0350 .000000 .242573 -11.482168 11.484730
76.00 .776352 16.303 .000000 .249952 -11.607410 11.610101
77.UO .771640 16.755 .000000 .259920 -11.723153 11.726034
78.00 .766917 17.370 .000000 .272296 -11.829060 11.832194
79.00 .762187 18.131 .000000 .286829 -11.924813 11.928262
80.00 .757451 19.018 .000000 .303212 -12.010110 12.013936
81.u0 .752713 20.013 .000000 .321133 -12.084657 12.088923
82.00 .747978 21.096 .000000 .340264 -12.148223 12.152987
83.00 .743246 22.258 .000000 .360328 -12.200472 12.205791
6.U00 .736523 23.481 .000000 .381036 -12.241172 12.247101
5-.u0 .733612 24.755 .000000 .402127 -12.270066 12.276654

86.b0 .729116 26.071 .000000 .423365 -12.286903 12.294195
67.00 .724439 27.422 .000000 .444530 -12.291435 12.299470
8.00 .719786 28.801 .000000 .465420 -12.283409 12.292223
89.00 .71b161 30.204 .000000 .485850 -12*262580 12.272201
9U.uO .710568 31.625 .000000 .505645 -12.228694 12.239144
91.00 .706u11 33.061 .000000 .524637 -12.181591 12.192883
92.00 .701495 34.ll .000000 .542689 -12.120868 12.133011
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Table 20 (contd)

Time, FAx, FAy, FAz, IFAI,
days p, AU 4, deg 10 6 N 10 6 N 10 6 N 10 6 N

92.00 .703688 32.355 .000000 .523933 -12*368468 12.379560
93.00 .699315 33.249 .000000 .538801 -12.392823 12.404530
94.00 .694839 54.163 .000000 .553805 -12.414355 12.426701
95.00 .690262 35.097 .000000 *568913 -12.432625 12.445635
96.00 .685587 36.049 .000000 .584075 -12.447368 12.461064
97.00 .680815 37.020 .000000 .599241 -12.458199 12.472603
98.00 .675949 38.009 .000000 *614361 -12.464696 12.479827
99.00 .670992 39.016 .000000 *629381 -12.466389 12.482266

100.00 .665945 40.042 .000000 .644243 -12.462704 12.479345
101.U0 .660814 41.04 .000000 .658877 -12.453189 12.470607
102.00 .055u01 42.145 .000000 .673216 -12.437127 12.455334
103.00 .650309 43.2c5 .000000 .687183 -12.413816 12.432821
104.00 .644942 44.323 .000000 .700692 -12.382501 12.402310
105.00 .639503 45.440 .000000 .713652 -12.342275 12.362890
106.00 .0633999 46.577 .000000 *725959 -12.292289 12.313708
107.00 .o28432 47.734 .000000 .737503 -12.231514 12.253728
108.00 .622808 48.912 .000000 .748162 -12.158754 12.181750

109.00 .u17 133 50.111 .000000 .757805 -12.073008 12.096767
110.00 .611411 51.332 .000000 .766288 -11.972730 11.997227
111.00 .605650 52.576 .000000 .773462 -11.856770 11.881971
112.00 .599856 53.844 .000000 *779158 -11.723396 11.749260
113.00 .594034 55.136 .000000 .783207 -11.571061 11.597537
114.00 .588194 56.454 .000000 .785427 -11.398025 11.425054
115.00 .582344 57.798 .000000 .785642 -11.202560 11.230075
116.U0 .576491 59.170 .000000 .783767 -10.984163 11.012090
117.00 .570643 00.570 *000000 .779892 -10.745321 10.773586
116.00 .564812. 01.999 .000000 .773992 -10.486951 10.515474
119.00 .559007 63.458 .000000 .765996 -10*209419 10.238115
120.00 .553238 64.948 .000000 .755817 -9.912909 9.941682
121.U0 .547518 66.470 .000000 .743364 -9.597675 9.626420
122.00 .541857 66.0 5 .000000 .728534 -9.263663 9.292266
123.00 .536268 69.613 .000000 .711245 -8.911197 8.939535
124.00 .530764 71.235 .000000 .691427 -8.540660 8.568602
125.00 .525359 72.892 .000000 .669031 -8.152620 8.180025
126*00 .520067 74.584 .000000 .644040 -7.747876 7.774598
127*00 .514902 76.312 .000000 .616476 -7.327511 7.353398
12*.00 .509b80 78.075 .000000 *586414 -6.893031 6.917931
129.00 .505015 79.873 .000000 .553961 -6.445982 6.469742
130.00 .500324 81.706 .000000 .519304 -5.988583 6.011057
151.00 .495823 83.574 .000000 .482690 -5.523357 5.544408
132.00 .491527 65.47b .000000 .444435 -5.053232 5.072739
133.00 .487454 87.409 .000000 .404923 -4.581530 4.599389
134.00 .483618 69.374 .000000 .364605 -4.111951 4.128084
135.UG .480037 90.000 .000000 .356312 -4.005599 4.021416
136.00 .476724 90.000 .000000 .362598 -4.061997 4.078149
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Table 21. Solar panel tilts

Date 0, deg

Jan. 17, 1974 +45. 0

Feb. 9, 1974 +58. 0

Mar. 1, 1974 +68. 0

Mar. 20, 1974 +71. O0
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Table 22. Components of the solar pressure force on the solar
panels of the Mariner Venus/Mercury spacecraft along the

axes of the spacecraft-fixed reference system

aSp, FSPx, FSPy, FSPz, IFsp ,
Time, 6 tilt,
days deg 1011 km/s2  106 N 106 N 106 N 106 N

.O00 .00 6.4447 .0000 .0000 -32.1289 32.1289

1.UU .UO 6.4494 .0000 .0000 -32.1525 32.1525

2.00 .00 b.4b51 *000 .0000 -32.1809 32.1809
3.00 .00 6.4618 .0000 .0000 -32.2141 32.2141
4.UU .00 6.4694 .0000 .0000 -32.2521 32.2521
5.uU *00 6.4780 .0000 .0000 -32.2948 32.2948
6.00 .00 6.4875 .0000 .0000 -32.3424 32.3424
7.Uu .00 b.4980 *0000 .0000 -32.3948 32.3948
8.00 .O00 6.5095 .0000 .0000 -32.4521 32.4521
9.00 .00 6.5220 .0000 .0000 -32.5144 32.5144

10.00 .00 6.5355 .0000 .0000 -32.5315 32.5815
11.u .U00 6.5499 .0000 .0000 -32.6537 32.6537
12.u6 .00 6.5654 .0000 .0000 -32.7309 32.7309
13.00 .00 6.5819 .0000 .0000 -32.8132 32.8132
14.UU .00 6.5995 .0000 .0000 -32.q006 32.9006
15.U( .00 6.6180 .0000 .0000 -32.9932 32.9932

16.UU .UO 6.6377 .0000 .0000 -33.0910 33.0910

17 .Uu .00 6.6583 .0000 .0000 -33.1941 33.1941
18.Uu .00 b.6801 .0000 .0000 -33.3U25 33.3025

19 .Uu .00O 6.7029 .0000 .0000 -33.4164 33.4164
20.Uu .U 6.7269 .0000 .0000 -33.5357 33.5357
21.U .00 6.7519 .0000 .0000 -33.6606 33.6606
22.Uu .00 6.7781 .0000 .0000 -33.7911 33.7911
23.u .U00 6.8054 .0000 .0000 -33.973 33.9273

24.Uu .00 6.8339 .0000 .0000 -34.0093 34,0693
25.uu .0O 6.8635 .0000 .0000 -34.2171 34.2171
26.Uu .00 6.8944 .0000 .0000 -34.3709 34.3709

27.U00 .O 6.9265 .0000 .0000 -34.5308 34.5308

28.0 .00 6.9598 .0000 .0000 -34.6967 34.6967
29.0U .00 b.9943 .0000 .0000 -34.8689 34.8689
3U0.U .U0 7.0301 .0000 .0000 -35.0475 35.0475
31.Uc .00 7.0672 .0000 .0000 -35.2325 35.2325
32.Uu .00 7.1056 .0000 .0000 -35.4240 35.42'40
33.U0 .00 7.1454 .0000 .0000 -35.6222 35.6222
34.uU .UO 7.1865 .0000 .0000 -35.8273 35.8273

35.uL .00 7.2290 .0000 .0000 -36.0391 36.0391
36.UU .00 7.2729 .0000 .0000 -36.2581 36.2581
37.U0 .00 7.3183 .0000 .0000 -36.4042 36.484?

33.U0 .00 7.3651 .0000 .O000 -36.7175 36.7175
39.uh .00 7.4134 .0000 .0000 -36.9b84 36.9584

40.uO .00 7.4632 .0000 .0000 -37.2068 37.2068

41.*u .00 7.5146 .0000 .0000 -37.4029 37.4629
42*.U .00 7.5676 .0000 .0000 -37.7269 37.7269
43.00 .U0 7.6221 .0000 .0000 -37.9989 37.9989
44.00 .UO 7.6783 .0000 .0000 -38.2791 38.2791
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Table 22 (contd)

aSp, FSPx, FSPy, FSPz, IFspI,

Time, 8 tilt, 0
days deg 1011 km/s2  106 N 10 N 106 N 106 N

45.UU .00 7.7362 .0000 .0000 -38.5677 38.5677
4bo0u .00 7.7956 .0000 .0000 -38.8648 38.8648
47UU.0 00 7.8572 .0000 .0000 -39.1706 39.1706
48.00U .UO 7.9U3 .0000 .0000 -39.4852 39.4852
49.00 .UO 7.9852 .0000 .0000 -39.8089 39.8089
50.00 .00 80520 .0000 .0000 -40.1419 40.1419
51.uUb 00 8.1207 uono000 0000 -40.4843 40.4843
52.UU .00 8.1913 .0000 .0000 -40.8362 40.8362
53.00 *00 8.2638 .0000 .0000 -41.1980 41.1980
54.UU *00 8.33H4 .0000 .0000 -41.5698 41.5698
55.UU .00 8.4150U .0000 .0000 -41.9518 41,9518
56.0U .00 8.4937 .0000 .0000 -42.3442 42.3442
57.u0 .UO 8.5746 .0000 .0000 -42.7472 42.7472
58.00 .00 8.657 .0000 .0000 -43.1610 43.1610
59.0U .00 8.7428 .0000 .0000 -43.5858 43.F58
60.UO .00 8.8303 .0000 .0000 -44.0219 44.0219
61.00 .00 8.9200 .0000 .0000 -44.4693 44.4693
62U0 *00 9.0121 .0000 .0000 -44.9284 44.9284
63.00 .00 9.1066 .0000 .0000 -45.3993 45.3993
64,UO UO 9.2U34 .0O00 .0000 -45.8822 45.8822
65.UU0 UO 9.3020 .0000 .0000 -46.3775 46.3775
66*UU *00 9.4046 .0000 .0000 -46.8852 46.8852
67*.0 .00 9.5U9U .000u .0000 -47.4055 47.4055
68 .Ou 45.00 5.8809 .0000 -5.3389 -28.8279 29,.3181
69.00 45.00 5.9476 .0000 -5*4017 -29.1547 29.6509
70Uou 45.00 6.0160 .0000 -5.4661 -29.4894 29.9918
71.00 45.00 6.0860 .O000 -5.5321 -29.8321 30.3407
72.U0 45.00 6.157o .0000 -5.5997 -30.1827 30,6978
73.00 45.00 6.2509 .0000 -5.6689 -30.5415 31.0631
74.UU 45.00 6.3058 .UOOO -5.7397 -30.9084 31.4368
75.uu 45.00 6.3825 .0000 -5.8121 -31.2833 31.8187
76.uu 45.00 6.46b0 .0000 -5.8862 -31.6666 32.2091
7 7.UU 45.00 6.5407 .0000 -5.962n -32.0582 32.6078
78.UU 45.00 6.6224 .U000 -6.0394 -32.4580 33.0150
79.uu 45.00 6.7056 .0000 -6.1185 -32.8660 33.4307
80.O0 45.00 6.7900 .OOU -6.1992 -33.2822 33.8546
81.Ou 45.00 6.8775 .00o0 -6.2816 -33.7066 34.2869
82.UU 45.00 6.9659 .0000 -6.3655 -34.1389 34.7273
8 3.Uu 45.00 7.0559 *0000 -6.4512 -34.5793 35.1759
84.U00 5.0U 7.1474 .00oo -6.5384 -35.0274 35.6325
85.00 45.00 7.240 0000 -=6.6271 -35.4832 36.0968
86.uU 45.00 7.335 .0000 -6.7174 -35.9464 36.5687
87.0u 45.00 7.4314 .0000 -6*8092 -36.4168 37.0479
88.bu 45.00 7.5289 .0000 -6.9024 -36.8940 37.5341
89.uU 45.00 7.627b .O000 -6.9970 -37.3778 38.0270
90.Uu 45.00 7.7279 .0000 -7.0929 -37.8677 38.5262
91.0U 45.00 7.8292 .0000 -7.1899 -38.3632 39.0312
92.0U 58.00 5.473b .0000 -5.0476 -26.8177 27.2886
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Table 22 (contd)

Time, 6 tilt, aSp, FSPx, FSPyp FSpz, IFsp['

days deg 1011 km/s2  106 N 106 N 106 N 106 N

92.00 58.00 5.4394 .0000 -5.0143 -26.6497 27.1173
93.0u 58.00 5.5083 .0000 -5.0810 -26.9864 27,4606

94.00 58.00 5.5801 .0000 -5.1507 -27.3377 27.8187
95.UU 58.00 5.6550 .0000 -5,2235 -27.7041 28.1922
96.UU 58.00 5.7331 .0000 -5.2995 -28.0861 28.5817
97.00 58.00 5.8145 .0000 -5.3787 -28.4841 28.9875
98.0U 58.00 5.8994 .0000 -5.4614 -28.8988 29.4103
99.UU 56*.00 5.9877 .0000 -5.5476 -29.3306 29.8506

100.0 58.00 6.0797 .0000 -5.6375 -29.7802 30.3091
101.00 58.00 6.1754 .0000 -5.7311 -30.2481 30.7862
102.U0 58.00 6.2749 .0000 -5.8287 -30.7348 31.2827
103.Uu 58.U00 6.3785 .0000 -5.9303 -31.2411 31.7990
104.00 58.00 6.4862 .0000 -6.0361 -31.7674 32.3358
105.00 58.00 6.5981 .0000 -6.1463 -32.3144 32.8937
106.00 56.00 6.7144 .0000 -6*.2608 -32.8826 33.4733
107.00 56.00 6.8351 .0000 -6.3800 -33.4726 34.0752
108.00 58.00 6.9604 .0000 -6.5040 -34.0850 34.7000
109.00 58.00 7.0904 .0000 -6.6327 -34.7201 35.3480
11.Ou 58.00 7.2252 .0000 -6.7664 -35.3786 36.0199
L11.00 68.00 4.8852 .0000 -3.9399 -24.0334 24.3542
112.00 68.00 4.9807 .0000 -4.0225 -24.5024 24.8304
113.uu 68.00 5.0795 .0000 -4.1080 -24.9875 25.3230
114.u0 68.00 5.1816 .0000 -4.1966 -25.4889 25.8320
115.00 68.00 5.2870 .0000 -4.2883 -26.0064 26.3575
116.00 68.00 5.3957 .0000 -4*3830 -26.5401 26.8996

117.0u 68.00 5.5077 .0000 -4.4809 -27.0898 27.4579
11.00U 68.00 5.6229 .0000 -4.5818 -27.6552 28.0322
119.Ou 68.00 5.7413 .0000 -4.6856 -28.2360 28.6221
120.Ou 68.00 5.8626 .0000 -4*7924 -28.8313 29.2269
121.Uu 6b.00 5.9867 .0000 -4.9019 -29.4405 29.8458
122.00 68.00 6.1135 .0000 -5.0141 -30.0626 30.4778/
123.00 68.00 6.2427 .0000 -5.1287 -30.6963 31.1218
124.ou 68.00 6.3739 .0000 -5.2454 -31.3401 31.7761
125.OU 68.00 6.5069 .0000 -5.3639 -31.9924 32.4390
126.00 68.00 0.6411 .0000 -5.4839 -32.6510 33.1083
127.00 68.00 6.7762 .0000 -5.6050 -33.3136 33.7R18
12.00u 680U0 6.9116 .0000 -5.7266 -33.9774 34.4566
129.ub 68.00 7.0466 .0000 -5.8482 -34.6395 35.1297
130.OU 71.00 b.1301 .0000 -4.6975 -30.1974 30.5606
131.00 71.o0 6.2428 .0000 -4.7919 -30.7511 31.1223
132.uu 71.00 6.3532 .0000 -4.8846 -31.2939 31.6728
133.00 71.00 6.4607 .0000 -4.9751 -31.8221 32.2086
134.Uu 71.00 6.5644 .0000 -5.0626 -32.3317 32.7256
13S.uu 71.00 6.6635 .0000 -5.1464 -32.8187 33.2198
136.00 71.00 6.7572 .0000 -5.2258 -33.2790 33.6869
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Table 22 (contd)

Time, tilt, aSp, FSPx, FSPy, FSpz, IFSpI'
days deg 1011 km/s2  106 N N 1 N 106 N 106 N

137.Uo 71.00 6.8446 .0000 -5.3000 -33.7085 34.1226
138.U 71.00 6.9249 .0000 -5.3683 -34.1030 34.5229
139. u 71.00 6.9972 .0000 -5.4300 -34.4584 34.8836
140.UU 71.00 7.0609 .0000 -5.4843 -34.7710 35.2009
141.uu 71.00 7.1151 .0000 -5.5306 -35.0374 35.4713
142.Uu 71.00 7.1593 .0000 -5.5684 -35.2545 35.6916
143.Uu 71.00U 7.1929 .0000 -5.5972 -35.4197 35.8593
144.Uu 71.00 7.215b .0000 -5*6166 -35.5311 35.9723
14b.UU 71.00 7.2270 .0000 -5.6264 -35.5872 36.0293
146.Uu 71.0U 7.2271 .0000 -5.6264 -35.5874 36.0295
147.Uu 71.U0 7.2157 .0000 -5.6167 -35.5317 35.9729
148.00 71.00 7.1932 .0000 -5.5974 -35.4208 35.8603
149.00 71.00 7.1596 .0000 -5.5687 -35.2559 35.6930
150.Uu 71.00 7.1155 .0000 -5.5309 -35.0392 35.4731
151.uu 71.00 7.0613 .0000 -5.4847 -34.7732 35.2031
152*.u 71.00 6.9977 .0000 -5.4304 -34.4609 34.8861
153.Uu 71.00 6.9254 .0000 -5.3688 -34.1057 34.5257
154,Uu 71.00 6.8452 .0000 -5.3006 -33.7116 34.1257
155.UU 71.00 6.7579 .0000 -5.2264 -33.2823 33.6902
156.uO 71.00 6.6642 .0000 -5.1470 -32.8222 33.2233
157.UG 71.U0 6.5651 .0000 -5.0632 -32.3353 32.7294
158.Uu 71.00 6.4614 .0000 -4.9758 -31.8259 32.2125
159.uu 71.00 6.3540 .0000 -4.8853 -31.2979 31.6769
160.U00 71.00 6.2436 .0000 -4.7926 -30.7552 31.1264
161.U0 71.00 6.1309 .0000 -4.6982 -30.2015 30.5647
162.Uu 71.00 6.0167 .0000 -4.6028 -29.6402 29.9955
16 3 .u 71.00 5.9017 .0000 -4.5070 -29.0745 29.4217
164.Uu 71.00 5.7863 .0000 -4.4111 -28.5073 28.8466
165.UU 71.00 5.6711 .0000 -4.3156 -27.9411 28.2724
166,Uu 71.u0 5.5566 .0000 -4.2210 -27.3782 27.7017
167.00 71.00 5.4433 .0000 -4.1276 -26.8208 27.1365
168.UU 71.00 5.3313 .0000 -4.0356 -26.2704 26.5786
169.u 71.00 5.2212 .0000 -3.9453 -25.7287 26,0295
170.U0 71.00 5.1131 .0000 -3.8569 -25.1970 25.4904
171U.00 71.00 5.0072 .0000 -3.7706 -24.6762 24.9626
172.Uu 71.00 4.9037 .0000 -3.6864 -24.1672 24.4468
173.00 71*UO 4.8028 .0000 -3.6045 -23.6707 23.9436
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Table 23. Coordinates of centers of mass of
magnetometer sunshades

1 xCi, m YCi' m zCi' m Area, m2

1 -0. 2555 -4. 5735 0..340 0. 0605

2 -0.2550 -6. 840 0.340 0. 0877

3 -0. 2805 -4. 214 0.340 0. 1084

Table 24. Coordinates of centers of mass of
IRR sunshades

Shade xRCC' cYRC' cm zRC, cm Area, m2

1 -47. 25 -87. 825 73.40 0. 0406

2 -58. 625 -96. 95 68.60 0. 0299

JPL Technical Memorandum 33-698 109



F-

Table 25. Components of the solar radiation force and torque on adiabatic surfaces

Time, aAD, FADx, FADy, FADz , MAD M&v MOAz, FADI, MAD
days 1011 km/s 2  

106 N 10 6 
N 106 N 106 N.m 106 N.m 10 6 

N.m 106 N 106 N.m

.0u 5.8392 .0400 .0319 -29.1105 24.0338 -1.8108 .0201 29.1105 24.1020
1.U" 5.8435 .0400 .0319 -29.1317 24.0513 -1.8121 .0201 29.1317 24.1195

-), ) 2.ou b.84866 .U401 .0319 -29.1572 24.0724 -1.8137 .0202 29.1572 24.lL106
l 53.Ub 5.854b .0401 .0320 -29.1669 24.0969 -1.8155 .0202 29.1870 24.1653

4.Uu 5.8614 .0902 .0320 -29.2209 24.1250 -1.8176 .0202 29.2210 24.1934
b.uu 5.8691 .0402 .0320 -29.2593 24.1567 -1.8200 .0202 29.2593 24.252
S.Uu 5.8176 .0403 .0321 -29.3019 24.1919 -1.8227 .02n3 29.3020 24.2605
7.Uu 5.8871 .0403 .0321 -29.3490 24.2307 -1.8256 .0203 29.3490 24.2994
8 UU 5.8974 .U404 .0322 -29.4004 24.2732 -1.8288 .0203 29.4004 24.3420
9.Uu 5.9066 .0405 .0323 -29.4562 24.3192 -1.8323 .0204 29.4562 24.3882

lO.Uu 5.9206 .0406 .0323 -29.5164 24.3690 -1.8360 .0204 2.5164 24.4381
z..Uu bo9336 .0407 .0324 -29.5611 24.4224 -1.8400 .0204 29.5812 24.4916
12.UU 5.9475 .0408 .0325 -29.6503 24.4796 -1.8443 .0205 29.6504 24.5a89
S15.uu b.9623 .0409 .0326 -29.7241 24.5405 -1.8489 .0205 29.7241 24.6100
14.UU 5.976U80 .0410 .0326 -29.8025 24.6052 -1.8538 .0206 29.8025 24.6749
15.Uu 5.9947 .0411 .0327 -29.8655 24.6737 -1.8590 .0207 29.8855 24.7436
16l00 6.0123 .0412 .0328 -29.9132 24.7461 -1.8644 .0207 29.9732 24.8162
17.Uu 6.0U08 .0413 .0329 -30.0656 24.8224 -1.8702 .0208 30.0656 24.8927
18.uu 6.0503 .0415 .0330 -30.1628 24.9026 -1.A762 .0208 30.1628 24.9732
19.Uu 6.0708 .0416 .0331 -30.2648 24.9869 -1.8826 .0209 30.2649 25.0577
2U.Uu 6.0922 .0417 .0333 -30.3718 25.0752 -1.8892 .0210 30.3718 25.1463
21.uu 6.1147 .0419 .0334 -30.4837 25.1676 -1.8962 .0211 30.4838 25.2389
22.uu 6.1381 .0421 .0335 -30.6007 25.2642 -1.9035 .0212 30.6007 25.3358
23.uu 6.1626 .0422 .0337 -30.7227 25.3649 -1.9111 .0212 30.7228 25.4368

t24.Uu 6.1861 .0424 .0338 -30.8499 25.4700 -1.9190 .0213 30.8500 25.5422
25.u 6.2147 .42b .0339 -30.9824 25.5793 -1.9272 .0214 30.9825 25.6518
S2.00 6.2424 .0428 .0341 -31.1202 25.6931 -1.9358 .0215 31.1202 25.7659

(27.uu 6.2711 .0430 .0342 -31.2634 25.8113 -1.9447 .0216 31.2634 25.8845
26.uJ 6.3009 .0432 .0344 -31.4121 25.9340 -1.9539 .0217 31.4121 26.0076
29.UU 6.3318 .0434 .0346 -31.5663 26.0614 -1.9635 .0218 31.5663 26.1353
S30.uu 6.3639 .0436 .0347 -31.7262 26.1934 -1.9735 .0219 31.7263 26.2677
31.uu 6.3971 .0438 .0349 -31.8919 26.3302 -1.9838 .0220 31.8919 26.4048
32.bu 6.4315 .0441 .0351 -32.0634 26.4718 -1.9944 .0222 32.0634 26.5468
33.OU 6.4671 .0443 .0353 -32.2408 26.6183 -2.0055 .0223 32.2409 26.6937
34.uj 6.5040 .0446 .0355 -32.4244 26.7698 -2.0169 .0224 32.4244 26.8457
35.00 6.5420 .0448 .0357 -32.6141 26.9264 -2.0287 .0225 32.6141 27.0028
36. Uu 6.5813 U.451 .0359 -32.8100 27.0882 -2.0409 .0227 32.8101 27.1650

O 37.ub 6.6219 .0454 .0362 -33.0124 27.2553 -2.0535 .0228 33.0124 27.3325
S38.Uu b.6638 .0457 .0364 -33.2212 27.4277 -2.0665 .0230 33.2213 27.5054

39.u0 6.7070 .046u .0366 -33.4367 27.6056 -2.0799 .0231 33.4367 27.6838
40.uu 6.7516 .0463 .0369 -33.6589 27.7891 -2.0937 .0233 33.6589 27.8678
41.Uu 6.7975 .0466 .0371 -33.8680 27.9782 -2.1079 .0234 33.8881 28.0575
42U.U b.A449 .0469 .0374 -34.1241 28.1732 -2.1226 .0236 34.1242 28.2530
43.Uu 6.8937 .0472 .0376 -34.3674 28.3740 -2.1378 .0238 34.3675 28.4544

L) 44 Uu o.9
4
4U .0476 .0379 -34.6180 28.5809 -2.1533 .0239 34.6180 28.6619



4t-

Table 25 (contd)

Time, aAD FADx, FADy '  FADz, MIx, MMDy, MAC, jFAD. S
days 1011 k/s 10 N 10 N 10

6 N 106 Nrm 106 N.m 106 Nm 10
6 

N 10
6 

N.m

45.uu 6.9957 .0479 .0382 -34.8760 28.7939 -2.1694 .0241 34.8760 28.8755

46.UU 7.0490 .0483 .0385 -35.1415 29.0131 -2.1859 .0243 35.1416 29.0954

47.Uu 7.1038 .0487 .0388 -35.4148 29.2388 -2.2029 .0245 35.4149 29.3?17

48.uu 7.1602 .0491 .0391 -35.6960 29.4709 -2.2204 .0247 35.6960 29.554"

49.u0 7.2182 .0495 .0394 -35.9852 29.7097 -2.2384 .0249 35.9853 29.7939

50.uj 7.2779 .0499 .0397 -36.2827 29.9553 -2.2569 .0251 36.2827 30.0402

51.Uu 7.3392 .0503 .0401 -36.5685 30.2077 -2.2759 .0253 36.5885 30.2934

52.Uu 7.4023 .0507 .0404 -36.9U28 30.4673 -2.2955 .0255 36.9029 30.5536

53.uu 7.4671 .0512 .0408 -37.2258 30.7340 -2.3156 .0257 37.2259 30.8211

54.Uu 7.5336 .0516 .0411 -37.5577 31.0080 -2.3362 .0260 37.5578 31.0959

55.Uu 7.6u20 .0521 .0415 -37.8987 31.2895 -2.3574 .0262 37.8987 31.3782

I 5b.UO 7.6123 .0526 .0419 -38.2489 31.5786 -2.3792 .0264 38.2489 31.6681

0' 57.0 7.7444 .0531 .0423 -38.6084 31.8754 -2.4016 .0267 38.6085 31.9658

O 5b.U 7.8185 .0536 .0427 -38.9776 32.1802 -2.4245 .0269 38.9777 32*214

00 59.00 7.8945 .0541 .0431 -39.3565 32.4930 -2.4481 .0272 39.3565 32.5851

bO.)u 7.9724 .0546 .0435 -39.7453 32.8140 -2.4723 .0275 39.7453 32.9n70

61.) 8.0525 .0552 .0440 -40.1442 33.1434 -2.4971 .0277 40.1443 33.2373

62.u)0 8.1345 .0557 .0444 -40.5534 33.4812 -2.5226 .0280 40.5535 33.5761

63.u. 802187 .0563 .0449 -40.9731 33.8277 -2.5487 .0283 40.9731 33.9236

64.uu 6.305U .0569 .0453 -41.4033 34.1829 -2.5754 .0286 41.4034 34.2798

65.)00 .393b .0575 .0458 -41.844 34.5471 -2.6029 .0289 41.8445 34.6450

66.u0 8.4842 .0581 .0463 -42.2966 34.9204 -2.6310 .0292 "2.2966 35,0194

67.uu 8.5171 .0588 .0468 -42.7598 35.3028 -2.6598 .0296 42.7598 35.4029

66.U0 8.6723 .0594 .0474 -43.2343 35.6946 -2.6893 .0299 43.2343 35.7957

69.U0 8.7698 .0601 .0479 -43.7202 36.0958 -2.7195 .0302 43.7203 36.1981

Di 70.uub .8696 .0608 .0484 -44.2177 36.5065 -2.7505 .0306 44.2178 36.6100

71.Uu 8.9717 .0615 .0490 -44.7269 36.9269 -2.7822 .0309 44.7270 37.0316

72.00 9.0762 .0622 .0496 -45.2479 37.3570 -2.8146 .0313 45.2480 37.4629

73.uu 9.1831 .0629 .0501 -45.7609 37.7971 -2.8477 .0316 45.7809 37.9042

074.) 9.29g 4 .0637 .0507 -46.3258 38.2470 -2*8816 .0320 46.3259 38.3554

75.uU 9.4U41 .0644 .0514 -46.8827 38.7068 -2.9163 .0324 46.8828 38.8165

76.00 9.5183 .0652 .0520 -47.4519 39.1766 -2.0517 .03P8 47.4519 39.2877

77.0U 9.6349 .0660 .0526 -48.0331 39.6565 -2.9878 .0332 48.0332 39.7689

78.u 9.7539 .0668 .0533 -48.6265 40.1464 -3.0247 .0336 48.6266 40.2602

79.Uu 9.8754 .0677 .0539 -49.2320 40.6463 -3.0624 .0340 49.2320 40.7615

80.U 9.9992 .0685 .0546 -49.8495 41.1562 -3.1008 .0345 49.8496. 41.2728

81.U0 10.1255 .0694 .0553 -50.4790 41.6759 -3.1400 .0349 50.4791 41.7940

82.U 10u.2541 .0703 .0560 -51.1202 42.2052 -3.1798 .0353 51.1203 42.3249

83.U0 10.3851 .0712 .0567 -51.7731 42.7443 -3.2205 .0358 51.7732 42.8655

84.U0 10.5184 .0721 .0574 -52.4375 43.2928 -3.2618 .0362 52.4376 43.4155

85.Uu 10.6539 .0730 .0582 -53.1130 43.8505 -3.3038 .0367 53.1131 43.9748

86.UJ 10.7915 .0740 .0589 -53.7993 44.4172 -3.3465 .0372 53.7994 44.5431

87.u 10.9313 .0749 .0597 -54.4962 44.9925 -3.3898 .0377 54.4962 45.1200

86. 11.0731 .0759 .0605 -55.2030 45.5760 -3.4338 .03A2 55.2031 45.7052

89.uu 11.21b6 .0769 .0612 -55.9194 46.1675 -3.4784 .0386 55.9194 46.2983

90.uu 11.3623 .0779 .0620 -56.6447 46.7663 -3.5235 .0392 56.6448 46.8989

91.Uu 11.5094 .0789 .0628 -57.3781 47.3719 -3.5691 .0397 57.3782 47.5061

92.Ou 11.65b1 .0799 .0637 -58.1193 47.9838 -3.6152 .0402 58.1194 48.1198



Table 25 (contd)

Time, aAD FADx, ADy, ADz, MACDx, MAD MCd, ADI AC

D AADy'
days 1011 km/s 10 N 106 N 106 N 106 N-m 10 N-m 10 N-m 10 N 10 N-m

92.00 11.5855 .0794 .0633 -57.7576 47.6852 -3.5927 .0399 57.7577 47.8203
9 3.Uu 11.7309 .0804 .0641 -58.4823 48.2835 -3.6378 .0404 58.4824 48.4203
94.Uu 11.8825 .0814 .0649 -59.2381 48.9075 -3.6848 .0409 59.2382 49.0461
95.UU 12.0406 .0825 .0657 -60.0263 49.5582 -3.7338 .0415 60.0264 49.6987
96.Uu 12.2054 .0836 .0666 -60.8478 50.2365 -3.7849 .0421 60.8479 50.3789
97*Uu 12.3771 .0848 .0676 -61.7038 50.9432 -3.8382 .0426 61.7039 51.0876
98.uu 12.5559 .0860 .0686 -62.5954 51.6793 -3.8936 .0433 62.5955 51.8258
99.0u 12.7421 .0873 .0696 -63.5237 52.4457 -3.9514 .0439 63.5238 52.5944

IO0.Uu 12.9360 .0886 .0706 -64.4901 53.2435 -4.0115 .0446 64.4902 53.3945
I01.00 13.1376 .0900 .0717 -65.4955 54.0736 -4.0740 .0453 65.4956 54.2269
102.uu 13.3474 .0915 .0729 -66.5412 54.9370 -4.1391 .0460 66.5413 55.0927
103.u 13.5655 .0930 .0741 -67.6287 55.8348 -4.2067 .0467 67.6288 55.9930
104.00 13.7922 .0945 .0753 -68.7589 56.7679 -4.2770 .0475 68.7590 56.9288
105.Uu 14.0278 .0961 .0766 -69.9334 57.7375 -4.3501 .0483 69.9335 57.9012
10b.ub 14.2725 .0978 .0779 -71.1530 58.7445 -4.4259 .0492 71.1532 58.9110
107.00 14.5264 .0995 .0793 -72.4192 59.7898 -4.5047 .0501 72.4193 59.9593
105.00 14.7900 .1014 .0808 -73.7331 60.8746 -4.5864 .0510 73.7332 61.0472
109.U0 1b.0633 .1032 .0823 -75.0953 61.9993 -4.6712 .0519 75.0954 62.1750
110.00 15.34bb .1052 .0838 -76.5075 63.1652 -4.7590 .0529 76.5076 63.3442
111.00 15.6396 .1072 .0854 -77.9698 64.3725 -4.8500 .0539 77.9699 64.5549
112.00 15.9435 .1093 .0871 -79.4834 65.6222 -4.9441 .0549 79.4835 65.8082
113,U0 16.2575 .1114 .0888 -81.0488 66.9146 -5.0415 .0560 61.0489 67.1042
114.uu 16.5819 .1136 .0905 -82.6663 68.2499 -5.1421 .0571 82.6664 68.4434
115.Uu 16.9167 .1159 .0924 -84.3355 69.6281 -5.2459 .0583 84.3357 69.8255
116.00 17.2620 .1183 .0943 -86.0569 71.0492 -5.3530 .0595 86.0570 71.2506
117.00 17.617b .1207 .0962 -87.8295 72.5127 -5.4633 .0607 87.8296 72.7183

A118.UU 17.9832 .1232 .0982 -89.6524 74.0177 -5.5767 .0620 89.6525 74.2275
119.u 1o.35b7 .1258 .1002 -91.5241 75.5631 -5.6931 .0633 91.5243 75.7772

S120.uu lb.7435 .1284 .1023 -93.4428 77.1471 -5.8124 .0646 93.4429 77.3658
121.00 19.1372 .1311 .1045 -95.4054 78.7675 -5.9345 .0659 95.4055 78.9907
122.00 19.5392 .1339 .1067 -97.4093 80.4219 -6.0592 .0673 97.4094 80.6499
123.UG 19.9486 .1367 .1089 -99.4503 82.1069 -6.1861 .0687 99.4504 82.3397
124.Ou 20.3644 .1396 .1112 -101.5235 83.8186 -6.3151 .0702 101.5236 84.0562
125.U0 20.7856 .1424 .1135 -103.6233 85.5522 -6.4457 .0716 103.6234 85.7947
126.U0 21.2106 .1158 -105.7430 87.3023 -6.5776 .0731 105.7432 87.5498
127.U00 21.6385 .1483 .1182 -107.8751 89.0626 -6.7102 .0746 107.8753 89.3150
128.00 22.0668 .1512 .1205 -110.0106 90.8256 -6.8430 .0760 110.0107 91.0831

0 129.00 22.4940 .1541 .1228 -112.1402 92.5838 -6.9755 .0775 112.1403 92.8463
13U.Uu 22.9176 .1571 .1251 -114.2528 94.3281 -7.1069 .0790 114.2530 94.5954
131.00 23.3358 .1599 .1274 -116.3367 96.0485 -7.2365 .0804 116.3369 96.3208
132.0U 23.7454 .1627 .1297 -118.3789 97.7346 -7.3635 .0818 118.3791 98.0116
133.U1 24.1440 .1655 .1318 -120.3657 99.3749 -7.4871 .0832 120.3659 99.6566
134.uG 24.5285 .1681 .1339 -122.2825 100.9574 -7.6064 .0845 122.2827 101.2436
135.Uu 24.8959 .1706 .1359 -124.1142 102.4697 -7.7203 .0858 124.1144 102.7601
136,00 25.2431 .1730 .1378 -125.8452 103.8988 -7.8280 .0870 125.8454 104.1933



td

CD Table 26. Total force and torque on Mariner Venus/Mercury spacecraft

0 (C) (C) (C)

, aR, FRx, FRy, FRz, M MR F RI, M
Time,
days 1011 km/s

2  106 N 106 N 106 N 106 N'm 106 Nmrn 106 N-m 10 N 10 Nm

.uu 12.4707 .0400 .0950 -62.1705 21.9922 -1.8108 .0201 62.1706 22.0667

0 1.o0 12.4798 .0400 .0950 -62.2161 22.0083 -1.8121 .0201 62.2161 22.0827

2.u0 12.490 .0401 .0951 -62.2708 22.0275 -1.8137 .0202 62.2709 22.1021

3.uL 12.5036 .6401 .0952 -62.3346 22.0500 -1.8155 .0202 62.3347 22.1246

4.wu 12.5183 .0402 .0954 -62.4077 22.0757 -1.B176 .0202 62.4078 22.1504

5.Ou 12.5415 .0402 .0977 -62.5235 22.0286 -1.8200 .0202 62.5236 22.1037

6.00 12.5698 .0403 .1010 -62.6644 21.9489 -1.8227 .0203 62.6645 22.0244

7.,u 12.6003 .0403 *1045 -62.8165 21.8681 -1.8256 .02n3 62.8166 21.9442

l 8.UG 12.6330 .0404 .1081 -62.9799 21.7862 -1.8288 .02n3 62.9800 21.8628

9.00 12.6681 .0405 .1118 -63.1547 21.7030 -1.8323 .0204 63.1548 21.7803

10.u 12.7055 .0406 .1156 -63.3410 21.6186 -1.8360 .0204 63.3411 21.6965

' 11.UU 12.7452 .0407 .1196 -63.5389 21.5328 -1.8400 .0204 63.5391 21.6113

00 12.Uo 12.7573 .0408 .1236 -63.7487 21.4455 -1.8443 .0205 63.7489 21.5246

13.uu 12.8318 .0409 .1278 -63.9705 21.3564 -1.8489 .0205 63.9707 21.4363

14.U0 12.8787 .0410 .1322 -64.2045 21.2654 -1.8538 .0206 64.2047 21.3461

15.U00 12.9281 .0411 .1366 -64.4509 21.1724 -1.8590 .0207 64.4511 21.2539

16.0U 12.9801 .0412 .1412 -64.7099 21.0772 -1.8644 .0207 64.7101 21.1595

17.UU 13.0346 .0413 .1460 -64.9818 20.9794 -1.8702 .0208 64.9819 21.0627

18.uu 13.0918 .0415 .1509 -65.2667 20.8791 -1.8762 .0208 65.2669 20.9632

19.u0 13.1516 .0416 .1559 -65.5649 20.7758 -1.8826 .0209 65.5651 20.8609

20.0U 13.2141 .0417 .1611 -65.8767 20.6694 -1.8892 .0210 65.8769 20.7555

21.U0 13.2795 .0419 .1664 -66.2024 20.5596 -1.8962 .0211 66.2027 20.6469

22.Ou 13.3476 .0421 .1719 -66.5423 20.4462 -1.9035 .0212 66.5425 20.5346

23.uu 13.4187 .0422 .1775 -66.8966 20.3290 -1.9111 .0212 66.8969 20.4186

24.U0 13.4928 .0424 .1833 -67.2658 20.2076 -1.9190 .0213 67.2660 20.2085

25.Uu 13.5696 .0426 .1893 -67.6500 20.0818 -1.9272 .0214 67.6503 20.1741

26.0u 13.6500 .0428 .1954 -68.0497 19.9515 -1.9358 .0215 68.0500 20.0452

27.00 13.7334 .0430 .2017 -68.4652 19.8162 -1.9447 .0216 68.4655 19.9114

28.0J 13.8200 .0432 .2082 -68.8969 19.6758 -1.9539 .0217 68.8972 19.7726

29.00 13.9099 .0434 .2149 -69.3451 19.5300 -1.9635 .0218 69.3454 19.6285

30.00 14.0032 .0436 .2217 -69.8102 19.3786 -1.9735 .0219 69.8106 19.4789

31.UO 14.0999 .0438 .2286 -70.2926 19.2215 -1.9838 .0220 70.2930 19.3236

32.UU 14.2003 .0441 .2358 -70.7927 19.0584 -1.9944 .0222 70.7931 19.1625

33.00 14.3042 .0443 .2430 -71.3108 18.8892 -2.0055 .0223 71.3112 18.9954

34.0U 19.4119 .0446 .2505 -71.8476 18.7136 -2.0169 .0224 71.8480 18.8220

35.00 14.5232 .0448 .2580 -72.4027 18.5323 -2.0287 .02'5 72.4032 18.6430

36.Uu 14.6384 .0451 .2656 -72.9769 18.3450 -2.0409 .0227 72.9774 18.4582

37.0o 14.7574 .0454 .2734 -73.5702 18.1522 -2.0535 .0228 73.5707 18.2680

38.u0 14.8803 .0457 .2811 -74.1627 17.9544 -2.0665 .0230 74.1833 18.0730

39.Uu 15.0070 .0460 .2689 -74.8142 17.7529 -2.0799 .0231 74.8148 17.8743

40.00u 15.1373 .0463 .2965 -75.4639 17.5496 -2.0937 .0233 75.4645 17.6741

41.uu 15.2713 .0466 .3040 -76.1319 17.3453 -2.1079 .0234 76.1325 17.4730

42.00 15.4090 .0469 .3112 -76.8183 17.1402 -2.1226 .0236 76.8189 17.2712

43.Uu 15.5504 .0472 .3183 -77.5234 16.9347 -2.1378 .0238 77.5241 17.0691

44.Uu 15.6957 .0476 .3250 -78.2475 16.7290 -2.1533 .0239 79.2482 16.8671



Table 26 (contd)

Time, aR, FRx, FRy
,  

FRz, MRx My MR
days 1011 km/s

2  
106 N 106 N 106 N 106 N-m 106 N.m 06 Nm 106 N 10 6 N.m

45.uu 15.8448 .0479 .3314 -78.9908 16.5237 -2.1694 .0241 78.9915 16.6655
46.Uu 15.9977 .0483 .3373 -79.7533 16.3192 -2.1859 .0243 79.7541 16.4649
47.uu 16.1546 .0487 .3429 -80.5354 16.1160 -2.2029 .0245 80.5362 16.2658
48.uo 16.3154 .0491 .3480 -81.3369 15.9150 -2.2204 .0247 81.3377 16.0691
49.UL 16.4802 .0495 .3525 -82.1585 15.7162 -2.2384 .0249 A8.1593 15.8748
50.Uu 16.6490 .0499 .3564 -83.J000 15.5207 -2.2569 .0251 83.0008 15.6839
51.u 16.8216 .0503 .3598 -83.8615 15.3292 -2.2759 .0253 83.8623 15.4973
52.u 16.9966 .0507 .3624 -84.7431 15.1426 -2.2955 .0255 84.7438 15.3156
53.uu 17.1795 .0512 .3642 -85.6447 14.9617 -2.3156 .0257 85.6455 15.1399
5
4.U0 17.3644 .0516 .3654 -86.5665 14.7875 -2.3362 .0260 86.5672 14.9709

5b.uu 17.5533 .0521 .3657 -87.5083 14.6209 -2.3574 .0262 87.5091 14.8098
56.uu 17.7463 .0526 .3651 -88.4704 14.4626 -2.3792 .0264 PS.4711 14.6570
57.u" 17.9432 .0531 .3637 -89.4523 14.3144 -2.4016 .0267 89.4530 14.5145
58.UU 1i8.144 .0536 .3614 -90.4544 14.1766 -2.4245 .0269 90.4552 14.3825
59.uu 10.3492 .0541 .3583 -91.4762 14.0508 -2.4481 .0272 91.4769 14.262560U.0 16.5581 .0546 .3543 -92.5177 13.9378 -2.4723 .0275 92.5184 14.1554
61.Uu 16.7709 .0552 .3495 -93.5189 13.8387 -2.4971 .0277 93.5796 14.0622
62.Uu 16.9877 .0557 .3440 -94.6t96 13.7546 -2.5226 .0280 94.6602 13.9840
63.Uu 19.20U4 .0563 .3379 -95.7597 13.6864 -2.5487 .0283 95.7603 13.9217
64.UL 19.432b .0569 .3312 -96.8787 13.6352 -2.5754 .0286 96.8793 13.8764
b5.UU 19.6612 .0575 .3241 -98.0172 13.6017 -2.6029 .0289 98.0177 13.8486
66.00 19.893 .0581 .3168 -99.1745 13.5869 -2.6310 .0292 9Q. 1 750  13.8393
67.uu 20.1292 .0588 .3096 -100.3504 13.5913 -2.6598 .0296 100.3509 13.84926
8
.uu 1b.5661 .0594 -5.0361 -82.4340 13.6156 -2.6893 .0299 82.5877 13.8787

b4 9.uu 16.76b9 .0601 -5.1052 -83.4275 13.6603 -2.7195 .0302 A3.5835 13.9284
70.u0 16.9602 .0608 -5.1748 -84.4337 13.7256 -2.7505 .0306 84.5922 13.9085
71.UU 17.1730 .0615 -5.2445 -85.4526 13.8117 -2.7822 .0309 85.6134 14.0892
72.U0 17.303 .0622 -5.3140 -86.4637 13.9191 -2.8146 .0313 86.6469 14.2n00
73.uu 17.5900 .0629 -5.3830 -87.5?70 14.0477 -2.8477 .0316 87.6924 14.3335

(74.00 17.8021 .0637 -5.4511 -88.5620 14.1982 -2.8816 .0320 88.7496 14.4877o 75.ub 18.0164 .0644 -5.5182 -89.6483 14.3709 -2.9163 .0324 89.8180 14.6638
76.Uu 10.2330 .0652 -5.5843 -90.7259 14.5666 -2.9517 .0328 90.8976 14.8627
77.U0 1b.4517 .0660 -5.6495 -91.8144 14.7864 -2.9878 .0332 91.9881 15.0853

0 78.uu 1.6726 .0668 -5.7138 -92.9135 15.0313 -3.0247 .0336 93.0890 15.3326
79.uu 18.8954 .0677 -5.7777 -94.0228 15.3025 -3.0624 .0340 94.2001 15.6059
80.uu 19.1203 .0685 -5.8414 -95.1418 15.6013 -3.1008 .0345 95.3210 15.9065
81.0u 19.3470 .0694 -5.9051 -96.2703 15.9289 -3.1400 .0349 96.4512 16.2355
8(D 2. 19.5754 .0703 -5.9693 -97.4074 16.2862 -3.1798 .0353 07.5901 16.5939
83.Uu 19.8056 .0712 -6.0341 -98.5629 16.6746 -3.2205 .0358 98.7375 16.9828

O 84.00 20.0373 .0721 -6.0999 -99.7061 17.0949 -3.2618 .0362 99.8925 17.4034
85.uu 20.2704 .0730 -6.1668 -100.8663 17.5479 -3.3038 .0367 101.0546 17.8562
86.u0 20.5047 .0740 -6.2352 -102.0327 18.0343 -3.3465 .0372 102.2230 18.3422
87.Uu 20.7402 .0749 -6.3050 -103.2u44 18.5548 -3.3898 .0377 103.3968 18.8620
86b.ub 20.9765 .0759 -6.3765 -104.3604 19.1099 -3.4338 .0382 104.5750 19.4160
89.Uu 21.2135 .0769 -6b.4499 -105.5597 19.7001 -3.4784 .0386 105.7566 20.0049
9U.u 21.4510 .u779 -6.5252 -106.7410 20.3258 -3.5235 .0392 106.9403 20.6290
91.00 21.60b5 .0789 -6.6024 -107.9229 20.9869 -3.5691 .0397 108.1247 21.2883

1) 9
2.Uu 19.4690 .0799 -4.4413 -97.0579 21.6842 -3.6152 .0402 97.1595 21.9836

ON

00



DTable 26 (contd)

al Fx FR FR, (C) M(C) IFR, IMkC)I,
Time, aR' FRx' FRy, z MR M M

days 1011 km/s2  106 N 106 N 106 N 106 Nm 106 Nm 106 N'm 106 N 106 N'm

92.uu 19.4324 .0794 -4.4271 -96.7758 20.9194 -3.5927 .0399 96.8770 21.2257

O 93.00 19.6504 .0804 -4.4782 -97.8616 21.4361 -3.6378 .0404 97.9640 21.7426

p 94.00 19.8771 .0814 -4.5321 -98.9902 21.9840 -3.6848 .0409 99.0939 22.2907

95.UU 20.1126 .0825 -4.5889 -100.1630 22.5652 -3.7338 .0415 100.2681 22.8720

a 96.u0 20.3573 .0836 -4.6488 -101.3813 23.1810 -3.7849 .0421 101.4878 23.4880

97.uu 20.6113 .0848 -4.7119 -102.6461 23.8333 -3.8382 .0426 102.7543 24.1404

98.Uu 2U.8749 .0860 -4.7785 -103.9589 24.5240 -3.8936 .0433 104.0687 24.8312

99.; 21.1485 .0873 -4.8486 -105.3207 25.2552 -3.9514 .0439 105.4323 25.5624

10 l0. 21.4321 .0886 -4.9226 -106.7330 26.0291 -4.0115 .0446 106.8465 26.3364

101.00 21.7262 .0900 -5.0005 -108.1967 26.8476 -4.0740 .0453 108.3123 27.1550

3 102.UG 22.0308 .0915 -5.0626 -109.7132 27.7136 -4.1391 .0460 109.8309 28.0210

00 103.00 22.3462 .0930 -5.1690 -111.2836 28.6296 -4.2067 .0467 111.4036 28.9370

104.U 22.6727 .0945 -5.2601 -112.9088 29.5983 -4.2770 .0475 113.0313 29.9057

105.00 23.0105 .0961 -5.3560 -114.5900 30.6229 -4.3501 .0483 114.7152 30.9304

106.uu 23.3597 .0978 -5.4570 -116.3280 31.7062 -4.4259 .0492 116.4559 32.0137

107.00 23.7204 .0995 -5.5632 -118.1233 32.8516 -4.5047 .0501 118.2543 33.1590

108.00 24.0928 .1014 -5.6750 -119.9768 34.0628 -4.5864 .0510 120.1110 34.3703

109.Uu 24.4770 .1032 -5,7927 -121.8884 35.3428 -4.6712 .0519 122.0260 35.6501

110.UU 24.8729 .1052 -5.9164 -123.8588 36.6961 -4.7590 .0529 124.0001 37.0035

111.00 22.8473 .1072 -3.0811 -113.8599 38.1259 -4.8500 .0539 113.9017 38.4332

112.UO 23.2185 .1093 -3.1562 -115.7092 39.6370 -4.9441 .0549 115.7523 39.9442

0 113.Uu 23.5996 .1114 -3.2360 -117.6074 41.2332 -5.0415 .0560 117.6520 41.5403

114.uu 23.9902 .1136 -3.3206 -119.5531 42.9191 -5.1421 .0571 119.5993 43.2260

115.00 24.3900 .1159 -3.4102 -121.5445 44.6983 -5.2459 .0583 121.5924 45.0051

116.uu 24.7969 .1183 -3.5050 -123.5811 46.5731 -5.3530 .0595 123.6309 46.8798

117.UL 25.2172 .1207 -3.6048 -125.6646 48.5391 -5.4633 .0607 125.7163 48.8457

118.uu 25.6449 .1232 -3.7096 -127.7946 50.5946 -5.5767 .0620 127.8485 50.9010

119.uu 26.0816 .1258 -3.8194 -129.9695 52.7380 -5.6931 .0633 130.0257 53.0444

120.u0 26.5269 .1284 -3.9343 -132.1870 54.9677 -5.8124 .0646 132.2456 55.2742

121.u00 26.9800 .1311 -4.0541 -134.4435 57.2811 -5.9345 .0659 134.5047 57.5877

122.Uu 27.4403 .1339 -4.1789 -136.7355 59.6761 -6.0592 .0673 136.7994 59.9829

123.u0 27.9067 .1367 -4.3085 -139.0577 62.1483 -6.1861 .0687 139.1245 62.4555

124.Uu 28.3780 .1396 -4.4427 -141.4043 64.6930 -6.3151 .0702 141.4741 65.0005

125.U0 28.8529 .1424 -4.5814 -143.7683 67.3037 -6.4457 .0716 143.8414 67.6117

126.UU 29.3297 .1454 -4.7241 -146.1419 69.9727 -6.5776 .0731 146.2183 70.2813

127.0O 29.8066 .1483 -4.8704 -148.5162 72.6909 -6.7102 .0746 148.5961 73.0000

12B.00 30.2817 .1512 -5.0197 -150.8810 75.4466 -6.8430 .0760 150.9645 75.7563

129.Uu 30.7527 .1541 -5.1714 -153.2256 78.2280 -6.9755 .0775 153.3129 78.5384

13U.u 3u.1872 .1571 -4.0531 -150.4388 81.0201 -7.1069 .0790 150.4934 81.3312

131.u0 30.6235 .1599 -4.1818 -152.6112 83.8063 -7.2365 .0804 152.6686 84.1182

132.bu 31.0483 .1627 -4.3106 -154.7261 86.5685 -7.3635 .0818 154.7862 86.8811

133.ub 31.4587 .1655 -4.4384 -156.7693 89.2866 -7.4871 .0832 156.8322 89.6000

134.Uo 31.8518 .1681 -4.5641 -158.7261 91.9392 -7.6064 .0845 158.7918 92.2533

135.00 32.2959 .1706 -4.6542 -160.9385 93.6968 -7.7203 .0858 161.0058 94.0143

136.u 32.7470 .1730 -4.7254 -163.1862 95.0025 -7.8280 .0870 163.2547 95.3245
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Fig. 6. Directional emissivity of solid
materials. The temperature of the radiating
metal surfaces was around 420 K (300oF),
that of the nonmetallic surfaces between 273
and 366 K (32 and 200'F) [from E. Schmidt
and E. Eckert, Forsch. Gebiete Ingenieurw.,
Vol. 6, pp. 175-183, 1935]
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Fig. 7. Emissivity of materials in
different directions: (a) wet ice, (b) wood,
(c) glass, (d) paper, (e) clay, (f) copper
oxide, (g) aluminum oxide. The tempera-
ture of the radiating metal surfaces was
around 420 K (300'F), that of the non-
metallic surfaces between 273 and 366 K
(32 and 200'F) [from E. Schmidt and E.
Eckert, Forsch. Gebiete Ingenieurw.,
Vol. 6, pp. 175-183, 1935]
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craft system
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Fig. 15. Projection of the illuminated
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APPENDIX

PROGRAM FOR COMPUTATION OF THE COMPONENTS OF THE SOLAR RADIATION
FORCE AND THE MOMENT OF THE SOLAR RADIATION FORCE

-FORIS SOLESOLE
C

C
C THIS PROGRAM COMPUTES THE COMPONENTS OF THE SOLAR PRESSURE FORCE AND
C THE MOMENT OF THE SOLAR PRESSURE FORCE ON THE REFLECTOR OF THE HIGH GAIN
C ANTENNA AND SOLAR PANELS OF THE MARINER VENUS/MERCURY 1973 SPACECRAFT*
C
C FOR THE CONVEX SURFACE OF THE HIGH GAIN ANTENNA REFLECTOR
C THE THERMAL RE-RADIATION PART IS OBTAINED BY A DOUBLE INTEGRATION (DOUBLE
C GAUSSIAN QUADRATURE) IN POLAR COORDINATES WITH BOTH CONSTANT AND VARIABLE
C INTEGRATION.LIMITS* SINCE THE ILLUMINATED AREA IS SYMMETRIC WITH RESPECT
C TO THE YA-AXIS OF THE ANTENNA SYSTEM OF REFERENCE, THE COMPONENTS FX,
C MY, AND MZ ARE PRESET TO BE ZERO. THE SURFACE OF THE HIGH GAIN ANTENNA
C REFLECTOR Is A PARABOLOID OF REVOLUTION.

C NOMENCLATURE
C
C EPSF = EMISSIVITY OF THE ILLUMINATED SURFACE OF THE ANTENNA
C (CONVEX)
C EPSB = EMISSIVITY OF THE CONCAVE SURFACE OF THE ANTENNA
C REFLECTOR
C GAMMA 0 REFLECTIVITY COEFFICIENT OF THE ILLUMINATED SURFACE
C BETA = SPECULAR REFLECTIVITY PARAMETER OF THE HIGH GAIN ANTENNA
C REFLECTOR (CONVEX SIDE)
C SIGMA = STEFAN-S CONSTANT (5.6697E-08 KG/SEC**3.DEGK**4)
C SOLAR = SOLAR CONSTANT (1.353E+03 KG/SEC**3)
C COND = THERMAL CONDUCTIVITY OF THE ANTENNA REFLECTOR
C (1.2921 KG*M/SEC**3*DEGK)
C DEPTH = THICKNESS OF THE ANTENNA (0*0191 M)
C DELTA = RADIUS OF THE APERTURE OF THE ANTENNA REFLECTOR
C (0.686 M)
C ZETA = DEPTH OF THE ANTENNA REFLECTOR (0.216 M)
C PSI a SUPPLEMENT OF THE SUN-SPACECRAFT-EARTH ANGLE
C EL 0 DISTANCE OF THE PROJECTION OF THE SHADOW-LINE FROM THE
C X-AXIS
C FI = INTEGRATION LIMIT FOR PHI IN CASE OF A SHADOW
C CRT = CRITICAL VALUE OF THE ANGLE PSI WHEN THE SHADOW APPEARS
C RAT = LAMBDA (IN THE REFERENCE)J CONSTANT OF THE REFLECTOR
C CTT = JAWORSKI-S CONSTANT ((EPSF-EPSB)/(EPSF+EPSB))
C PQ = COEFFICIENTS IN THE EXPANSION OF THE EXPRESSION FOR
C THE THERMAL RE-RADIATION
C
C AX = THE SEMI-MAJOR AXIS OF THE SPACECRAFT-S ELLIPTIC
C ORBIT (KM)
C AXE = THE SEMI-MAJOR AXIS OF THE ELLIPTIC ORBIT OF THE EARTH (KM)
C ECC = THE ORBITAL ECCENTRICITY OF THE SPACECRAFT
C ECCE = ECCENTRICITY OF THE EARTH-S ORBIT
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C_ INCL = THE INCLINATION OF YHE SPACECRAFT-S ORBITAL PLANE TO
C THE FUNDAMENTAL REFERENCE PLANE (EQUATORIAL PLANE

C OF THE EARTH FOR 1950.0)
C EPSLN = OBLIQUITY OF THE ECLIPTIC
C NODE = THE RIGHT ASCENSION OF THE ASCENDING NODE OF THE

C SPACECRAFT-S ORBIT
C OMEGA = ARGUMENT OF THE PERIAPSIS OF THE SPACECRAFT-S ORBIT

C EOMEGA = ARGUMENT OF THE EARTH-S PERIAPSIS
C THETA = TRUE ANOMALY OF THE SPACECRAFT
C ETHETA a TRUE ANOMALY OF THE EARTH
C M = MEAN ANOMALY OF THE SPACECRAFT
C ME = MEAN ANOMALY OF THE EARTH
C E = ECCENTRIC ANOMALY OF THE SPACECRAFT
C. EE = ECCENTRIC ANOMALY OF THE EARTH
C MSTART a MEAN ANOMALY OF THE SPACECRAFT AT THE TIME OF

C INITIALIZATION T = TSTART
C MESTRT = MEAN ANOMALY OF THE EARTH AT THE TIME OF INITIALIZATION
C TSTART = BEGINNING OF THE CRUISE PHASE
C GM = GRAVITATIONAL CONSTANT OF THE SUN
C MEAN a MEAN ORBITAL MOTION OF THE SPACECRAFT
C MEANE = MEAN ORBITAL MOTION OF THE EARTH
C PER = ORBITAL PERIOD OF THE SPACECRAFT
C "NPTS = NUMBER OF POINTS ON THE TRAJECTORY
C TSTEP = TIME STEP
C RHO = HELIOCENTRIC POSITION VECTOR OF THE SPACECRAFT IN

C ASTRONOMICAL UNITS (AU)
C RHOE = HELIOCENTRIC POSITION VECTOR OF THE EARTH IN

C ASTRONOMICAL UNITS (AU)
C
C' EPOCH = TSTART = 1973, NOVEMBER 09, 19 HRS, 27 MIN, 58 SEC -

C JULIAN DAY NUMBER
C TJDO a 2441996.31108586520
C
C xY,Z ARE COORDINATES OF THE SPACECRAFT IN THE EARTH EQUATORIAL PLANE

C XEYE,ZE ARE EQUATORIAL COORDINATES OF THE EARTH
C
C POLAR COORDINATES IN THE PROGRAM ARE xA = -R.SIN(PHI), YA = R.COS(PHI)
C
C THEORETICAL FORMULATION FOR THE THERMAL RE-RADIATION
C
C 1. EQUATION-
C
C EPSF*TFRONT**4 + ETA*EPSB*TBACK**4 =
C (SOLAR/SIGMA)*((AU/R)**2)*(1.-GAMMA)*COS(THETA)
C (ENERGy BALANCE, GAUSS- THEOREM)

C
C 2. EQUATION-
C
C TFRONT = TBACK + (D*SIGMA*EPSB/COND)*TBACK**4
C (BOUNDARY CONDITIONS, LAPLACE-S EQUATION)
C
C REFERENCES-
C
C 1. R*M.GEORGEVIC, TECHNICAL MEMORANDUM 33-494, OCTOBER 1,1971
C 2. R.M.GEORGEVIC, .TECHNICAL MEMORANDUM 391-429, MARCH 30,1973

C

C SPECIFICATIONS- ORIGINAL PAGE
OF POOR QUALITI,
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C
REAL INTGRL(bp3)
REAL KONST(100) eKNOM(100)
REAL M(lUO)PME(IOO)
REAL NUDER INCLPMSTARTMESTRTFMEANPMEANEPMASS
REAL MJ(IUO)
1147EGER TLT1pTLT2
DIMENSION S(l0) iW(I0) PPSI (100) FALFA(100) ,RHO(100) ,E iTGRL(l00,6)
DIMENSION THETA(100) ,ETHETAC100) tX(100) ,Y(100) eZ(100) ,XE(100),
1 YE(1U)#ZE(100)

DIMENSION RHOE(iQO)
DIME14SION E(100),EE(100)eDTHETA(IU0),DETHTA(100)
DIMENSION XORB(l0) YORR(lOO) ,XORLBE(100) ,YOPBEC100) eR(100) eRE(l00)
DIMENSION DOT(100),UX(100)PUY(100),UZ(100),uRSQ(100)PUR(1oo)
DIMENSION FORCE(1oo).roRQuE,(1ao),rIME(1oo)
DIMENSiON DTLT(100)
=IMENSION XFOR(100).YFOR(100),ZFOR(100),XTOR(100),YTOR(100),
1 ZTOFR(10U)vFOR(1oo)pTOR(100)

DIMENSION FLUX(100),FUNK(100)PFNU)(loO),GFACT(1oo)
DIMENSION TFRONT(100)PTBACK(100)
DIMENSION DFI(100)
DIMENSION DPSI(100)
DIMENSION DM(100) PDME(100) PDE(100) tDEE(100)
DIMENSION ACC(100) ,SPACC(100)
DIMENSION XFORCE(100)PYFORCE(100)PZFORCE(100),FTOTAL(100)
DIMENSION FADX(100),FADY(100),FADZ(10o),FAD(10o)
DIMENS1ON TADX(100),TADY(100)PTADL(100),TAD(100)
DIMENSION ADACC(100)
DIMENSION XTOR&i(10)PYTOpQ(10O)eZTORQ(100)
DIMENSION TOTFX(100),TOTFY(100),TOTFZ(100),TOTF(100)TOTACC(lo,)
DIMENSION TOTMX(100).TOTMY(100),TOTMZ(100),TOTMOM(100)
COMMON DELTAStWeFI ,ELPPIQCTTRATPPSINPTSGAMMAZETAPELES
DATA ACY/2.073/PACZ/-O.562/
DATA PI/3.1L41592b54/
DATA DAY/86L40O.0/
DATA SPEED/2.997925E+081

C
C

NAMELIST/INPU7/DELTAP EPSFEPSBGAMMASIGMASOLARCoNDDEPTHPWFS,
1 ECCPECCEtTS'TARTPTSTEPPAXAXEINCLOMEGAEOMEGAPEPSLNNODE,
2 GMPMASSPAUDMSTARTPMESTRTZETAPEPSFlEPSBIPGAMMAlDEPTH1,NCASE,
3 MORENJLT1 9TLT2,TOT1,T2,SPECAREA
RAU 180.0/PI

7000 REAO(5pINPUT)
WRITE(6P3000)

3000 FORMAT(1H1,q4X////)
WRITE(b. INPUT)
KASE =NCASE-MORE
MLEAN111 S%-xrH%"GM/AX**3)
MEANE SQRT(GM/AXE**3)
OMEAN =MEAN*DAY*RAD
DMEANE MEANe.*DAY*RAD
PER = 2.0*PI/(MEAN*DAY)
PERE =2*0*Pl/(MEANE*DAY)
ETA = SQNT((1.0+ECC)/(I*0-ECC))
ETAE =SORTI (1.0+ECCE)/(1.0-ECCE))
ENODE 0.0*
GO TO (2001#2002),KASE

2001 WRITE(6P1001)
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1001 FORMAT(1H1,35Xr'EARTH-VENUS CRUISC PHASE'//)
GO TO 2003

2002 WRITE(6,002)
1002 FORMAT(1H1#35Xp'VENUS-kERCURY CRUISE PHASE'//)

2003 WRITE(6t2)
WRITE(6o3)AXPECCPINCLPNODEPOMEGAMSTARTPDMEAN
WRITE(6b4)
WRITI'E{e3)AXEECCEPEPSLNPENODEPEOA:EGAPMESTRTDMEANE

2 FORMAT(36XW'HELIOCENTRIC ECLIPTIC ORBITAL PARAMETERS OF THE ',

I 'SPACECRAFT'/)
4 FORMAT( /36X'HELIOCENTRIC ECLIPTIC ORBITAL PARAMETERS OF THE '

1 'EARTH'/)
3 FORMAT(38XP'AX =',E16.b,1Xp'KMt/,37X'ECC ='pFl6.11/,36X'ICL ='t
1 F16.11plX,'L)EG'/p36X,'N0DE =',Fl6,11

l X p'DE G 9/#35X p 'OMEGA ='

2 F16.11lXr 'OEG'/34X 'MSTART =',F16.11plX 'DEG'/,36Xv'MEAN =',

3 F16.1p1lX,'DEG/DAY'/)
INCL = INCL/RAD
OMEGA = OMEGA/RAD
EOMEGA = EOMEGA/RAD
EPSLN.= EPSLN/RAD
NODE = NODE/RAD
MSTART = MSTART/RAD
MESTRT = MESTRT/RAD
EPS = EPSF+EPSB
EPS1 = EPSFI+EPSB1
EPSRAT = EPSF1/EPSB1
ELES = -1000000.0*SOLAR/SPEED
C = SIGMA*DEPTH*EPSB/COND
TEMP = SOLAR*(1.0-GAMMA)/(SIGMA*EPS)
TSTAR = TLMP**0.25
A = C*TSTAR**3
B = 3.0*A*EPSF/EPS
CTT = (EPSF-EPSB)/EPS
CT1 = (EPSF1-EPSB1)/EPS1
O = DEPTHI
AFACT = SIGMA*D*EPS1I/COND
P = 8.0*A*EPSF*EPSB/EPS**2
EF = -(11.0*EPSF-3.0*EPSB)/(2.0*EPS)
Q = EF*A*P
CRT = ATAN(DELTA/(2.0*ZETA))
DCRT = CRT*RAD
RAT = ZETA/DELTA**2

C
C COMPUTATION OF UNPERTURBED POSITIONS OF THE SPACECRAFT AND THE EARTH

C
CI = COS(INCL)
51 = SIN(INCL)
CN = CUS(NODE)
SIJ = SIN(NODE)
CO = COS(OMEGA)
SO = SIN(OMEGA)
CIE = COS(EPSLN)
SIE = SIN(EPSLN)
CNE = COS(ENODE)
SNE = SIN(ENODE)
COE = COS(EOMEGA)
OE = SIN(EOMEGA) ALI"IGM rBe

PX = CN*CO - S*SO*CI or pO
PY = SN*CO + CN*SO*CI
PZ = SO*SI
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WX = -CN*SO - SN*CO*CI
UY = -SN*SO + CN*CO*CI
GZ = CO*SI
RX = 5N*SI
RY = -CN*SI
RZ = CI
PXLG = PX
PYE = PY*CIE - PZ*SIE
PZEQ = PY*SIE + PZ*CIE
OXEQ = QX
QYEQ = QY*CIE - QZ*SIE
QZEQ = QY*SIE + QZ*CIE
RXEQ = RX
RYEQ = RY*CIE - RZ*SIE
RZEQ = RY*SIE + RZ*CIE
PXE = CNE*COE - SNE*SOE*CIE
PYE = SNE*COE + CNE*SOE*CIE
PZE = SOE*SIE
QXE = -CNE*SOE - SNE*COE*CIE
QYE = -SNE*SOE + CNE*COE*CIE
QZE = COE*SIE
RXE = SNE*SIE
RYE = -CNE*SIE
RZLE = CIE
00 5 I=1S5
K = 6-1
W(I+5) = W(K)
S(1+5) = -5(K)

5 CONTINUE
TLSTI = PX**2 + PY**2 + PZ**2 -1.0
TEST2 = OX**2 + QY**2 + QZ**2 -1.0
TEST3 = RX**2 + RY**2 + RZ**2 -1.0
TEST4 = PX**2 + QX**2 + RX**2 -1.0
TESTS = PY**2 + QY**2 + RY**2 -1.0
TEST6 = PZ**2 + QZ**2 + RZ**2 -1.0
TEST7 = PX*QX + PY*QY + PZ*QZ
TEST8 = PX*RX + PY*RY + PZ*RZ
TEST9 = QX*RX + QY*RY + QZ*RZ
TEST0 = PX*PY + QX*QY + RX*RY
TEST11 = PX*PZ + QX*QZ + RX*RZ
TEST12 = PY*PZ + QY*QZ + RY*RZ
CHECK1 = PXEQ**2 + PYEQ**2 + PZEO**2 - 1.0
CHECK2 = QXEQ**2 + QYEQ**2 + QZEQ**2 - 1.0
CHECK3 = RXEQ**2 + RYEQ**2 + RZEQ**2 - 1.0
CHECK4 = PXEQ**2 + QXEQ**2 + RXEQ**2 - 1.0
CHECK5 = PYEQ**2 + QYEO**2 + RYEQ**2 - 1.0
CHECK6 = PZEQ**2 + QZEG**2 + RZEQ**2 - 1.0
CHECK? = PXEQ*QXEQ + PYEQ*QYEQ + PZEQ*QZEQ
CHECKB = PXEQ*RXEQ + PYEQ*RYEO + PZEQ*RZEQ
CHECK9 = UXEQ*RXEQ + OYEQ*RYEQ + QZEQ*RZEQ
CHEK10 = PXEQ*PYEQ + QXEQ*QYEQ + RXEQ*RYEQ
CHEK11 = PXEQ*PZEQ + QXEQ*QZEQ + RXEQ*RZEQ
CHEK12 = PYEQ*PZEQ + OYEQ*QZEQ + RYEQ*RZEQ
TST1 = PXE**2 + PYE**2 + PZE**2 - 1.0
FST2 = QXE**2 + QYE**2 + QZE**2 - 1.0
TST3 = RXE**2 + RYE**2 + RZE**2 - 1*0
TST4 = PXE**2 + eXE**2 + RXE**2 - 1.0
TST5 = PYE**2 + QYE**2 + RYE**2 - 1.0
TST6 = PZE**2 + QZE**2 + RZE**2 - 1.0
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[ST7 =PXE*QXL + PYE*QYE + PZE*QZE
r~8=PXE*RXE + PYE*RYE + PZE*RZk7

TST9 = QXE*RXE + QYE*RYE + QZE*RZL
'ISTlO PXE*PYE + UXE*OYE + RXE*RYE
TST11 =PXE*PZE + QXE*QZE + RXE*RZE,
fZT12 = PYE*PLL + GYE*OZE +- RYE*RZE
WRITE(6p8)
WKITE(L,9U9)PXPXEQ.PYPPYEOPPZPPZEQPQXPOXEOQY9QYE-QOZ9QZEQt
1 RXpRXEORY#RYEQrRZfRZEQ

WRIrE (U*11)
WRITE(upbul2)TESTIPCHECKlTEST2.CHECK2,TEST3pCHiECK3eTEST4,CHECK4p
1 IEST5,CHECK5,TEST6,CHECK6,TEST7,CHECK7,TEST8.CHECK8.TEST9.
2 CHEcK9,TESTl10 CHEKiG ,TESTIICHEK1I tTEST12.CHiEK12
WRITE(o* 111)
WITE(Ue 15)
WRITE(-O,9)PXE~PYEPPZEPQXEeQYEOZERXERYERZE
WHiIEA6. 14)
WRITE ( 12) TST1. TST2. TST3. TST4. TS I 5.TST6,TST7.TST8p TST9 ,TSTIO.
1 TST11PTST12
WRITE(btl21)
WRITE(6P6022)
WRITE(b. 17)
WRITE(6p16)

8 FORMAT(//.5bXF'VECTORS PpOiR OF THE SPACECRAFT'//p36XP'FCLIPTIC'.
1 42Xp'E0UATORIAL'/)

909 FORMAT(2(36Xt'PX ',pF10.6)/,2(36Xp'PY ',#F10.6)/v

1 2(36XP'PZ =',F1O.6)/p2(36Xf#QX ='eF1Q.6)/#
2 2(36XP'OY =',F1O.6)/,2(36XvIQZ 'epF1O.6)/t
3 2(36XP'RX =',F1O.b)/p2(36Xf'RY =',F1O.6)/p
4 2(36X,'RZ =tpF10*6)/)

11 FURMAT(//36X, 'ORTHOGONALITY TESTS'/)
8012 FORMAT(/(36XpF10.6p36XtF10.6))
111 FORMA'T(1Hlp5X)
13 FOkMAT(//3bX#'EQUATORIAL VECTORS PpOeR OF THE EARTH'!)
9 FORMAT( 36XPIPX =',FIO.6/v36Xp'PY ='eFl0.6/t36Xe'PZ 'FF1O.6/p

1 36XP'UX ='eFIO.6/v36Xp'QY =*tF1O.6/f36Xp'QZ ='.F10.6/t3bX.'RX =It
2 F1O.6/p36X,'RY =IF10.6/p36Xp'RZ '.tF1O*6/)

14 FORMAT(//36XP'ORTHOGONALITY TESTS'/)
12 FORMAT(/(36XPFIO.6))

121 FORMAT(///10Xe'EPOCH (TSTART) = NOVEMBER 9t. 1973')
6022 FORMAr(loxt'rRAJECTORY SWITCH ON FEBRUARY 9v 1974')

17 FORMAT(1H1p35XrtHELIOCENTRIC EQUATORIAL COORDINATES OF

1 'SPACECRAFT AND EARTH'!!)
18 FORMAT(2XgITIMEp8X,'X(KM)',9Xp'Y(KM)'e9Xe'Z(KM)'p7XP'RHiO(AU-)'P

1 7X' 'XE(KM) ' 8X' 'YE(KM) '.8X, 'ZE(KM) ' 8X. 'RHOE' .8Xt 'PSI'!.
2 lXe'(DAYS)'e103X,'(AU)'.7X.'(DEG)'!)
DO lb I4PTS =1.N
M(NPTS) =MSTART + (NPTS-1)*MEAN*TSTEP
ME(NPTS) =MESTRT + (NPTS-1)*MEANL*TSTEP
E(NPTS) =ANOM(ECCM(NPTS))
EE(NPTS) = ANOM(ECCEtME(NPTS))
R(NPTS) =AX*(1.0-ECC*COS(E(NPTS)))
RE(NPTS) =AxE*(1.O-ECCE*COS(EE(NPTS)))
RHUMPTS) R(NPTS)/AU
IHOE(NPTS) RE(NPTS)/AU
THETA(NPTS) 2*0*ATAN(ETA*TAN(E(NpTS)2.?))
ETHETA(NPTS) =2.0*ATAN(ETAE*TAN(LE(NPTS)/2.0))
IF(EINPTS).GE.2.0*PI)E(NPTS)=E(NP1S)-2.0*PI
IF(EE(WAPTS).GE.20*PI)EE(NPTS)EE(NPTS)-2o0*PI
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IF(M(NPTS),GE*2-0*PI)M(NPTS)=M(NPYS)-2*0*PI
IF(ME(14PTS)-GE.2.0*PI)NE(NPTS)=ME(NPTS)-2,,O*PI
XORB(NPTS) = R(NPTS)*COS(THETA(NPTS))
YORB(NPTS) = R(NPTS)*SlN(THETA(NPTS))
XORBE(14PTS) = RE(NPTS)*COS(ETHETA(NPTS))
YORBEG4PTS) = fRE(NPTS)*SIN(ETHETA(NPTS))
XEMPTS) = PXE*XORBE(NPTS) + OXE*YORBE(NPTS)
X(NPTS) = PXEU*XORU(NPTS) + QXEG*YORB(NPTS)
Y(NPTS) = PYEU*XORB(NP7S) + QYEQ*YORB(NPTS)
Z(NPTS) = PZEQ*XORB(NPTS) + GZEQ*YORB(NPTS)
YEMPTS) = PYE*XORBE(NPTS) + QYE*YORBE(NPTS)
4L(NPTS) = PZE*XORBE(NPTS) + QZE*YORBE(NPTS)
TIME(NPTS) = TSTART + ((NPTS-J)*TSTEP)/DAY
UX(Nl--'TS) = X(NPTS)-XE(NPTS)
UY(NPTS) = Y(NPTS)-YE(NPTS)
UZ(NPTS) = Z(NPTS)-ZE(NPTS)
URSQQJPTS) = UX(NPTS)**2 + UY(NPTS)**2 + UZ(NPTS)**P.
UR(NPTS) SORT(UR'SQ(NPTS))
UOT(14PT'S) -UX(NPTS)*X(NPTS)-UY(i' PTS)*Y(NPTS)-UZ(NPTS)*Z(NPTS)
PSIMPTS) ACOS(DOT(NPTS)/(VR(NPTS)*P(NPTS)))
UPSI(NPI-S) PSI(NPTS)*RAD
IF(PSI(NPTS),GT*PI/2*0)PSI(NPTS)=Pi/2.0
IF(PSI(NPTS)oLT*O.O)PSI(NPTS)=PSI(NPTS)+PI
ALFAMPTS) = PSI(NPTS)*RAD
IF(ALFA(NPTS)oGT*90.0)ALFA(NPTS)=9090
1F(NPTS*EQ-51)WRITE(6#180)
IF(NPTS*EQ*141)WRITE(6F180)

180 FORMAT(lHlplXp
1 ITIME9p8Xt'X(KM)9p9XvtY(KM)9t9XPIZ(KM)'t7XPIRHO(A(J)tp
2 7XPIXE(KM)OPBXPOYE(KM)'t8XttZE(KM)9o8Xt'RHOE'p8XPIPSII/t
3 IXFI(DAYS)lplO3Xtt(AU)lp7XP#(DEG)'/)
WRITL(6P19)TIMEMPTS)o

1 X(NPTS)PY(NPTS)PZ(NPTS)tRHO(NPTS)FXE(NPTS)tYE(NPTS)o
2 ZE(NPTS)PRHOE(NPTS)PDPSI(NPTS)

19 FORMAT(lXPF6.2t3El4.6tFI2*6t3El4.6pFl2.6pFll.2)
16 CONTINUE

WRITE(6t181)
181 FORMAT(lHlp29XPITIMElt5XFITHETA'o6Xo9Etp8Xt9M9p5XtITHETAElp5Xt

DO 33 NPTS=lpN
OTHETAMPTS) = THETA(NPTS)*RAD
DETHTA(NPTS) = ETHETA(NPTS)*RAD
IF(DTHETA(NPT5)oLToO*O)DTHETA(NPTS)=DTHETA(NPTS)+360,0
1F(DLTHTA(NPTS)*LToO*O)DETHTA(NPT )=DETHTA(NPTS)+360,0
UM(NPTS) = M(NPTS)*RAD
DMEMPTS) = ME(NPTS)*RAD
DE(NPTS) = E(NPTS)*RAD
DEEMPTS) = EE(NPTS)*RAD
IF(DM(NPTS)-LT.D*O)DM(tJPTS)=DM(NPTS)+36090
IF-(DME(NPTS),LT*O*O)DME(NPTS)=DME(NPTS)+360.0
IF(DE(NPTS).LT.0-O)DE(NPTS)=DE(NPIS)+360,0
IF(DEE(NPIS),LT*O.O)DEE(NPTS)=DEE(NpTs)+360.0
1F(DE(NPTS).GE.36090)DE(NPTS)=DE(NPTS)-360.0
IF(DEE(NPTS),GE.360,O)DEE(NPTS)=DEE(NPTS)-360,0
IF(DM(NPTS).GE.360.0)DM(NPTS)=DM(i4PTS)-360,0
IF(DME(NPTS),GE*360.0)DME(NPTS)=DME(NPTS)-36OoO
1F(NPT5*EQ*51)WRITE(6r182)
IF(NPTS*EU.151)WRITE(6F182)

182 FORMAT(lHlt29X#ITIMElt5Xt'THETAft6Xt9Ett8Xp9M9t5Xt#THETAElt5XV
1 9EEIPU rtMEt /2qXP1(DAYS)1P6(4Xv1(DEG)')/)
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WRITE(b,190)TIME(NPTS),DTHETA(NPTS)wDE(NPTS)tDM(NPTS),
1 DETHTA(NPTS) PDEE(NPTS)PDME(NPTS)

190 FORMAT(29XeF6.2,6F9.2)
33 CONTINUE

C
C COMPUIATION OF COMPONENTS OF THE SOLAR RADIATION FORCE AND ITS MOMENT
C ON THE HIGH-GAIN ANTENNA REFLECTOR
C

WHII(6b22)
WRITE(bb15)
WRITE(b35)

22 FORMAT(1H1p5X)
15 FORMAT(25XP'COMPONENTS OF THE SOLAR PRESSURE FORCE AND TORQUE

1 'ON THE HIGH GAIN ANTENNA REFLECTOR'/p25XP'OF THE MARINER '
2 'VENUS/MERCURY SPACECRAFT, ALONG THE AXES OF THE ANTENNA-FIXED'
3 /,25X,'REFERENCE SYSTEM IN E+Ob NEWTONS AND E+06 NEWTON-'
4 'METERS'/,25X,'RESPECTIVELY. THE ACCELERATION IS GIVEN IN t
5 'E+11 KM/SEC**2'/)

35 FORMAT(/,2X.'TIME't6Xt'PSI't8XwACC'P 6XP'XFORCE'p5XYFORCE ,

1 5X,'ZFORCE',4X,'XTORQUE'.4X'YITORQUE',4X,'ZTORQUE',6X,'FORCE',
2- 5X,'TORQUEf'8X,'FI'/,
3 1X'I(DAYS)'.4X,'(DEG)'O105X,'(DEG)'/)
DO 30 NPTS=1,N
IF(PSI(NPTS).NE*PI/2.0)GO TO 6
FI = PI/2.0
PSI(NPTS) = FI
ALFA(NPTS) = FI*RAD
EL = 0.0
GO TO 7

6 UPS = 2.*U*RAT*TAN(PSI(NPTS))
IF(PSI(NP1S),EQ.0.0)UPS = 0.99999999/DELTA
YPS = -1.0/UPS
EL = YPS
DEN = -UPS*DELTA
IF(ABS(DEN).LE.1.0)FI=PI
IF(ABS(DEN).GT.1.0)FI=ACOS(1.0/DEN)

7 DO 20 J=1,6
DO 1U L=1,3
IF(PSI(NPTS).LE.CRT)INTGRL(JL)=CRPHI(JeL)
IF(PSI(NPTS).GT.CRT)INTGRL(J,L)=CRPHI(J,L)+VRPHI(JL)
MU(NPTS) = 1.0/RHO(NPTS)
TERMA = (MU(NPTS))**2
TERMB = (MU(NPTS))**3.5
TERMC = (MU(NPTS))**5
ENTGRL(NPTSJ) = TERMA*INTGRL(Jp1) + TERMB*INTGRL(J,2) +
1 TERMC*INTGRL(J3)
XFORCE(NPTS) = -ENTGRL(NPTS,1)
YFORCE(NPTS) = ENTGRL(NPTSe2)*COS(PSI(NPTS)) +
I ENTGRL(NPTS,3)*SIN(PSI(NPTS))
ZFORCE(NPTS) = ENTGRL(NPTS,2)*SIN(PSI(NPTS)) -
1 ENTGRL(NPTS,3)*COS(PSI(NPTS))
FTOTAL(NPTS) = SQRT(XFORCE(NPTS)**2 + YFORCE(NPTS)**2 +
1 ZFORCE(NPTS)**2)
FORCE(NPTS) = SORT(ENTGRL(NPTS2)**2 + ENTGRL(NPTSP3)**2)
TORQUE(NPTS) = ABS(ENTGRL(NPTS4))
ACC(NPTS) = 100.0*FORCE(NPTS)/MASS
XTORQ(NPTS) = -ENTGRL(NPTS.4)+ACY*ZFORCE(NPTS)-ACZ*YFORCE(NPTS)
YTORQ(NPTS) = 0.0
ZTORU(NPTS) = 0.0

10 CONTINUE
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20 CONTINUE
DFI(NPTS) = FI*RAD
IF(NPTS.EQ.46)WRITE(6183)
IF(NPTS.EQ.141)WRITE(6183)

183 FORMAT(1HIP1Xt
1 'TIME' 6X,'PSI',8Xp'ACC', 6X, XFORCE',SXt'YFORCE',
2 5X,'ZFORCE'4X.'XTOROUE,'4XPYTORQUE' 4XK'ZTORQUF'E6X.OFORCEP
3 5X,'TORQUEt,8XfFI'/t
4 1X,'(DAYS)'4X,'(DEG)',105X'(DEG)'/)
WRITE(6,36)TIME(NPTS)ALFA(NPTS),ACC(NPTS),(ENTGRL(NPTStJ),

I J=1P6)FORCE(NPTS)PTORQUE(NPTS)PDFI(NPTS)
36 FORMAT(IXPF6.2p3XPF6.2,FII.48F11.4F11.2)
30 CONTINUE

C
C COMPUTATION OF THE COMPONENTS OF THE SOLAR RADIATION FORCE AND ITS
C MOMENT ON TWO SOLAR PANELS
C

WRITE(b,1)
WRITE(6 351)

1 FORMAT(1HIP24X,'COMPONENTS OF THE SOLAR PRESSURE FORCE AND TORQUE'
1 ' ON THE SOLAR PANELS'/,25X'OF THE MARINER VENUS/MERCURY 1973'
2 ' SPACECRAFT# ALONG THE AXES OF THE SPACECRAFT-FIXED'
3 /r25X,'REFERENCE SYSTEM IN E+Ob NEWTONS AND E+06 NEWTON-'
4 'METERS'/25X'RESPECTIVELY* THE ACCELERATION IS GIVEN IN *
5 'E+11 KM/SEC**2'/)

351 FORMAT(/2X, 'TIME't6X 'TILT' T7XACC', 6X,'XFORCE't5X.'YFORCEf,
I 5X,'ZFORCE',4X'XTORQUE'94XItYTORQUE,4X,9ZTORQUEp6X,,FORCEP
2 5Xe'TORQUE'/o
3 1X'(DAYS)' p4X'(DEG)I/)
LO 300 NPTS=IN
IF(NPTSLT.TLT1)TILT=TO/RAD
IF(NPTSGE.TLT1.ANDONPTS.LT*TLT2)TILT=TI/RAD
IF(NPTS.GE*TLT2)TILT=T2/RAD
RECIP = (MU(NPTS))**2
PNX = 0.0
PNY = SIN(TILT)
PNZ = COS(TILT)
FLUX(NPTS) = (SOLAR/SIGMA)*(!iO-GAMMA1)*RECIP*COS(TILT)
EX = 450.0
CALL NEWTON(EX,XKSI, EPSF1eEPSB1,AFACTFLUX(NPTS))
TBACK(NPTS) = XKSI
TFRONT(NPTS) = TBACK(NPTS)*(.0O+AFACT*TBACK(NPTS)**3)
KNUM(NPTS) = EPSF1*TFRONT(NPTS)**4 - EPSBI*TBACK(NPTS)**4
KONST(NPTS) = KNUM(NPTS)/FLUX(NPTS)
XFOR(NPTS) = 0.0
PART1 = 2.0*GAMMAI*SPEC*(COS(TILT))**2
BOFEF = 2.0/3.0
FUNK(NPTS) = BOFEF*(GAMMA1*(I,0-SPEC)+(1.0-GAMMAi)*KONST(NPTS))
FNU(NPTS) = PART1 + FUNK(NPTS)*COS(TILT)
XTOR(NPTS) = 0.0
YTOR(NPTS) = 0.0
ZTOR(NPTS) = 0.0
GFACT(NPTS) = ELES*AREA*MU(NPTS)**2
YFOR(NPTS) = GFACT(NPTS)*PNY*FNU(NPTS)
ZFOR(NPTS) = GFACT(NPTS)*(PNZ*FNU(NPTS)+(1.0-GAMMA1SPEC)*
1 COS(TILT))
FOR(NPTS) = SQRT(YFOR(NPTS)**2 + ZFOR(NPTS)**2)
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TOR(NPTS) = ABS(XTOR(NPTS))
SPACC(NPTS) = 100.0*FOR(NPTS)/MASS
OTLT(NPTS) = TILT*RAD
IF(NPTS.EQ.46)WRITE(6,184)
IF(NPTS.EQ.141)WRITE(6t184)

184 FORMAT(1H1IIX,
1 'TIME',6Xp'TILT'7Xp'ACC' 6Xr'XFORCE'p5Xt'YFORCE'
2 5X,LFORCEt,4XPXTORQUEtp4XYTORQUEp4XPZTORQUEt6X9*FORCE'
3 5X,'TORQUE'/,
4 1X,'(DAYS)',4X,'(DEG)'/)
WRITE(6,7001)TIME(NPTS)PDTLT(NPTS),SPACC(NPTS)DXFOR(NPTS)e

1 YFOR(NPTS),ZFOR(NPTS),XTOR(NPTS)YTOR(NPTS)fZTOR(NPTS)e
2 FOR(NPTS)PTOR(NPTS)

7001 FORMAT(1XF6.2,3XF6.2,9F11,4)
300 CONTINUE

WRITE(b6352)
352 FORMAT(1H1,29X,'TIME'6bX, TILT',7X#,RHO(AU)'ilOX,'MU'.8Xo

1 'TFRONT'T7X,'TBACK',14XtK'/29XP'(DAYS)t 4X.'(DEG)'
/ )

00 350 NPTS=ItN
IF(NPTS*EQ51)WRITE(6p185)
IF(NPTSEQ.151)WRITE(6,185)

185 FORMAT(1HI,29XP'TIME'6XP'TILT',7X,'RHO(AU)'1iOX 'MU' 8XP
1 'TFRONT't7X'TBACK',I1Xp'K/,29XP'(DAYS)'e4X '(DEG ) '/ )

WRITE(6b7002)TIME(NPTS),TLT(NPTS),RHO(NPTS)PMU(NPTS),
1 TFRONT(NPTS),TBACK(NPTS)PKONST(NPTS)

7002 FORMAT(29XF6.2p3XF6*2p6F14,6)
350 CONTINUE

WRITE(6#1100)
WRITE(6#1101)

1100 FORMAT(1H19X,'COMPONENTS OF THE SOLAR PRESSURE FORCE IN THE ',

1 'SPACECRAFT-FIXED'/,1OX,'REFERENCE FRAME IN E+06 NEWTONS'/)
1101 FORMAT(11X, TIME'~3X 'RHO(AU)' 4X''PSI'~7X,'XFORCE'6Xt

1 'YFORCE'96Xt'ZFORCE' 7X.'FORCE'/lOXt '(DAYS)'#12X '(DEG)'/)

00 1014 NPTS=1,N
IF(NPTS.EQ*46)WRITE(6186)
IF(NPTS.EQ.141)WRITE(6,186)

186 FORMAT(1H1p10X,
1 'TIME',3X'RHO(AU)t'4Xt'PSI'7X'XFORCEt'6X#
2 'YFORCE',6X,'ZFORCE 7Xe'FORCE'/,1OX,'(DAYS)9'12XP'(DEG)*/)
WRITE(6,1015)TIME(NPTS)RHO(NPTS),ALFA(NPTS) XFORCE(NPTS)#
1 YFORCE(NPTS),ZFORCE(NPTS)FTOTAL(NPTS)

1015 FORMAT(1OXeF6*2,F9.6.F9*3t4Fl2*6)
1014 CONTINUE

C
C COMPUTATION OF SOLAR RADIATION FORCES AND TORQUES ON ADIABATIC
C SURFACES OF THE MARINER VENUS/MERCURY SPACECRAFT.
C

CFORX = -0.008711
CFORY = -0.006941
CFORZ = 6.337135
CMOMX = -5.23199
CMOMY = 0.39419
CMOMZ = -0*00438

C
WRITE(6P7003.)
WRITE(6,7004)

7003 FORMAT(1H1,24X,'COMPONENTS OF THE SOLAR RADIATION FORCE '
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I *ANDJ TORQUE ON ADIABATIC SURFACES'/v25Xr'IN E+06 NEWTONS'
2 ' A1ND E+06 NEWTON-METERS RESPECTIVELY.'/,25XP'ACCELERATION '

3 fIN E+11 KM/SEC**2#/)
7004 FORMAT(/2XP tTIMEIP17XF tACCIP bXe''XFORCE',5Xp'YFORCEft

1 5X,'ZFORCE'e4X,'XTORQUE','4X,'YJORQUE'p4X,'ZTORQUE'p6X,'FORCE',
2 5XP'TORQUEO/o
3 lXP'(DAYS)*f)
Do 1102 NPTS=ItN
ELNU =ELES*MU(NPTS)**2
FAUX(NPTS) =CFORX*ELMU
FADY(NPTS) =CFORY*ELMU
FADZ(NP-TS) =CFORZ*ELMU
TADX(NPTS) =CMOMX*ELMU
TADY(NPTS) =CMOMY*ELMU
TADZ(NPTS) =CMOMZ*ELMU
FAD(NPTS) =SQRT(FADX(NPTS)**2+FADY(NPTS)**2+FADZ(NPTS)**2)
TAD(NPTS) = SQRT(TADX(NPTS)**2+TAOY(NPTS)**2+TADZ(NPTS)**2)
ADACC(NPTS) =100.0*FADCNPTS)/MASS
IF(NPTS.EZQ.46)WRITE(6, 187)
IF(NPTSoEQ.141) WRI rE(6.187)

187 FORMAT(1Hli1Xp
1 ITIMEIP17XP 'ACC'. bX,'XFORCEf#5Xp*YFORCE',
2 5X,'ZFORCE',4X'tXTORQUE'.4Xe'YTORQUE',4X,'ZTORQUE',6X,'FORCEP
3 5XptTORGUE9/#
4 1XP9(DAYS)I/)
WRITE(o7010)TIME(NPTS) ,ADACC(NPTS) .FADX(NPTS) .FADY(NPTS),
1 FAOL(NPTS)PTADX(NPTS),TADY(NPTS),TADZ(NPTS)hFAD(NPTS),
2 TAD(NPTS)

7010 FORMAT(IXpF6o2p9X#9F11.4)
1102 CONTINUE

WRITE(6.7005)
WRITE(b. 7006)

7005 FORMAT(1H~p24X#9TOTAL FORCE AND TORQUE ON MVM-73 SPACECRAFT f
1 'IN E+06 NEWTONS ANDt/#25X,'E+06 NEWTON-METERS RESPECTIVELY.'
2 'ACCELERATION'/#25XPIIN E+11 KM4/SEC**29/)

7006 FORMAT(/2X# OTIME'.17X# 'ACC', 6X,'XFORCE',5X#'YFORCEtt
1 5Xp9 ZFORCEt,4X,9XTORQUE9,4X,9YTORQUEtp4X,9ZTORQUE?.Av..~t^El

2 5X. 9TORQUEt/o
3 1X#'(DAYS)1/)
DO 9000 NPTS=1tN
TOTFX(NPTS) =XFORCE(NPTS)+XFOR(NPTS)+FADX(NPTS)
TOTFY(NPTS) =YFORCE(NPTS)+YFOR(NPTS)+FADY(NPTS)
TOTFZ(NPTS) =ZFORCE(NPTS)+ZFOR(NPTS)+FADZ(NPTS)
TOTMX(NPTS) =XTORQ(NPTS)*TADX(NPTS)
rOTMY(NPTS) =TAOY(NPTS)
TOTMZ(NPTS) =TADZ(NPTS)
TOTF(NPTS) =SQRT(TOTFX(NPTS)**2+TOTFY(NPTS)**2+TOTFZ(NPTS)**2)
TOTMOM(NPTS) =SQRT(TOTMX(,NPTS)**2+TOTMY(NPTS)**2+TOTMZ(NPTS)**2)
TOTACC(NPTS) Z 100.o*TOTF(NPTS)/MAsS
IF(NPTS.EQLI6) WRITE(6p90 10)
IF (NPTS.EQ.141)WRITE(6#9010)

9010 FORMAT(1H1#1Xp
I ITIME',1VX, 'ACC'e 6Xv9XFORCE',5X#'YFORCE'e
2 5X,'ZFORCE',4X,'XTORQUE',4X,'YTORQUE'p4X,'ZTORQUE',6X,'FORCE',
3 5XPI'TORQUEI/,
4 IX*#'(DAYS)I/)
WRITE(6,902o)J'IME(NPTS) ,TOTACC(NPTS) PTOTFX(NPTS) ,TOTFY(NPTS),
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1 TOTFZ(NPTS)rTOTMX(NPTS)PTOTMY(NPTS)TOTMZ(NPTS)eTOTF(NPTS)t

2 TOTMOM(NPTS)
9020 FORMAT(1XF6.2p9X9F11.4)
9000 CONTINUE

WRITE(6.1010) '
WRITE(bp101)PeQ
WRITE(p105)ApBeTSTAR
WRITE(6p1011)DCRT
WRITE(6p1013)ELES
WRITE(b61012)PERPPERE

1010 FORMAT(1H1r24X0'AUXILIARY CONSTANTS')
101 FORMAT(///#25Xp'P =f*F20.8/r25Xp'Q =',F20.8//)
105 FORMAT(25XePA =',F20,8/p25Xe'B =',F20.8/75X'TTSTAR =',F20.8,2Xr

1 'DEK'/////)
1011 FORMAT(25XP'CRITICAL ANGLE ='pF103p2Xp'DEGREES')
1013 FORMAT(//25XP'ELES ='#F20.8)
1012 FORMAT(///2OXr'ORBITAL PERIOD OF SPACECRAFT =',F16.82X'DAYS/

1 21XP'ORBITAL PERIOD OF THE EARTH =',F16.8p2Xr*DAYS')
IF(MORE*NE.O)60 TO 7000
CALL EXIT
END
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-FORIS ANOMpANOM
FUNCTION ANOM(ECCM)

C
C THIS FUNCTION SUBROUTINE SOLVES THE KEPLER-5 EQUATION By ITERATIONS
C

REAL M
DATA EPS/*000005/
ANOM = M

2 ANOM s M + ECC*SIN(ANOM)
TEST = ANOM - M - ECC*SIN(ANOM)
IF(ABS(TEST)GTeEPS)GO TO 2
IF(ABS(TEST)*LE*EPS)RETURN
END
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-FORPIS CRPHICRPHI
FUNCTION CRPHI(JL)

C
C THIS FUNCTION SUBROUTINE PERFORMS THE DOUBLE INTEGRATION IN POLAR
C COORDINATES WITH CONSTANT INTEGRATION LIMITS*
C INTEGRATION LIMITS ARE R = 0,DELTA, pHI = O,FI. CRPHI IS THE DOUBLE

C VALUE OF THE INTEGRAL.
C

DIMENSION S(10),W(10)
DIMENSION PSI(100)
COMMON DELTA,S,WFIELPQCTTRATPSINPTSGAMMAPZETAELES
CRPHI = 0.0
DO 20 1=1910
SUM = 0.0
RI = DELTA*(S(I)+10)/2.0
DO 10 K=1,10
PHIl = FI*(S(K)+1.0)/2.0
IF(J*LE.3)SUMSUM+W(K)*F(RIPHIIJ,L)
IF(JGT*3)SUM=SUM+W(K)*T(RI,PHII,JL)

10 CONTINUE
CRPHI = CRPHI + W(I)*SUM

20 CONTINUE
CRPHI = DELTA*CRPHI*FI/2.
RETURN
END

ORIOINAI PA01'4)
OF POOR QUAI T
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-FOR,IS VRPHI,VRPHI
FUNCTION VRPHI(J,L)

C
C THIS FUNCTION SUBROUTINE PERFORMS THE DOUBLE INTEGRATION IN POLAR
C COORDINATES WITH A.VARIABLE UPPER INTEGRATION LIMIT FOR R. INTEGRATION
C LIMITS ARE R = OR(PHI), WHERE R(PHI) = EL/COS(PHI), PHI = OFI.
C VRPHI IS THE DOUBLE VALUE OF THE INTEGRAL.
C
C RI IS THE VARIABLE UPPER LIMIT FOR Re R = R(PHI)
C

DIMENSION S(10),w(IO)
DIMENSION PSI(100)
COMMON DELTA,SW,FIELPQ,CTT,RAT,PSI,NPTS,GAMMAZETA,ELES
DATA PI/3.141592654/
IF(PI-FI.EQ.0.0)RETURN
VRPHI = 0.0
DO 20 11.10
PHII - ((PI-FI)*S(I)+PI+FI)/2*0
RI = EL/COS(PHII)
SUM = 0.0
DO 10 K=1,10
RIJ = RI*(S(K)+1.0)/2.0
IF(JLE.3)SUM=SUM+W(K*F(RIJ,PHIIJ,L)
IF(J*GT.3)SUM=SUM+W(K)*T(RIJ,PHII,J,L)

10 CONTINUE
VRPHI = VRPHI + W(I)*RI*SUM

20 CONTINUE
VRPHI = VRPHI*(PI-FI)/2.0
RETURN
END
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-FORIS NEWTONNEWTON
SUBROUTINE NEWTON(EXXKSI,EPSF,EPSBA,FLUX)

C * NEWTON-S METHOD FOR APPROXIMATE ROOTS *
C * V( ) = 0 IS THE EQUATION *
C * G IS THE FIRST DERIVATIVE OF THE FUNCTION V *

DATA EPS/.00001/
X = EX

5 Y = V(XEPSFEPSB#A,FLUX)
Z G(XEPSFEPSBtA)
DX = -(Y/Z)
X = X + DX
IF(ABS(DX).GT.EPS)GO TO 5
XKSI = X
RETURN
END
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-FORIS VPV
FUNCTION V(XtEPSFEPSBA,FLUX)
TERM = 1. + A*(X**3)
V =  (X**4)*(EPSF*(TERM**4)+ EPSB) - FLUX
RETURN
END
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-FORPIS GiG
FUNCTION G(XEPSFEPSBA)
TERM = 1. + A*(X**3)
TERM1 1, + 4.*A*(X**3)
G = 4**(X**3)*(EPSF*TERM1*(TERM**3) + EPSB)
RETURN
END
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-FORgIS F.F
FUNCTION F(RPHI,J,L)

C
C FUNCTION F IS THE INTEGRAND FUNCTION FOR THE SOLAR FORCE EXPRESSION
C

REAL NXNYNZ
DIMENSION S(10),w(10)
DIMENSION PSIl(100)
COMMON DELTA,S,twFIEL,P,QCTT.RATPSINPTSGAMMA,ZETAELES
BOFEF = 2.0/3.0
FACTOR = (GAMMA+(1.0-GAMMA)*CTT)*80FEF
XA = -R*SIN(PHI)
YA = R*COS(PHI)
ZA = RAT*(R**2)
WRT = SQRT(1.0+4.0*RAT*ZA)
UY = SIN(PSI(NPTS))
UZ = -COS(PSI(NPTS))
NX = 2.0*RAT*XA/WRT
NY = 2.0*RAT*YA/WRT
NZ = -1.0/WRT
CTHETA = NY*UY+NZ*UZ
COEF = CTHETA*R*WRT
AP = P*COEF*(CTHETA**0.75)*(1.0-GAMMA)*ELES*BOFEF
AQ = Q*COEF*(CTHETA**1.5)*1.0-GAMMA)*ELES*BOFEF
K = (J-1)*3+L
GO TO (1 2 ,3, 4 ,5,6T,78,9),K

1 F = 3.0
RETURN

2 F = 0.0
RETURN

3 F = 0.0
RETURN

4 F = (FACTOR*NY+UY)*COEF*ELES
RETURN

5 F = AP*NY
RETURN

6 F = AQ*NY
RETURN

7 F = (FACTOR*NZ+UZ)*COEF*ELES
RETURN

8 F = AP*NZ
RETURN

9 F = AQ*NZ
RETURN
END
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-FORIS T,T
FUNCTION T(R,PHI,J,L)

C
C FUNCTION T IS THE INTEGRAND FUNCTION FOR THE SOLAR TORQUE EXPRESSION

C
REAL NX,NY,NZ
DIMENSION S(10),W(10)
DIMENSION PSI(100)
COMMON DELTA,S,WFI,EL,PQ,CTT,RAT,PSINPTSGAMMAZETAELES
BOFEF = 2.0/3.0
FACTOR = (GAMMA+(1,0-GAMMA)*CTT)*bOFEF
XA = -R*SIN(PHI)
YA = R*COb(PHI)
ZA = RAT*(R**2)
WRT = SURT(1.O+4.J*RAT*ZA)
UY =  SIN(PSI(NPTS))
UZ = -COS(PSI(NPTS))
NX = 2.0*RAT*XA/WRT
NY = 2.0*RAT*YA/WRT
NZ = -1.0/WRT
CTHETA = NY*UY+NZ*UZ
COEF = CTHETA*R*WRT
AP = P*COEF*(CTHETA**O.75)*(1.0 -GAMMA)*ELES*BOFEF

AQ = Q*COEF*(CTHETA**1*5)*(l0-GAMMIA)*ELES*BOFEF
XN = YA*NZ-ZA*NY
XU = YA*UZ-ZA*UY
G = U.0O

K = (J-1)*3+L-9
GO TO (1,2,3,4,5,6,7,8,9),K

1 T = (FACTOR*XN+XU)*COEF*ELES
RETURN

2 T = AP*XN
RETURN

3 T = AQ*XN

RETURN
4 T = 4.0* G

RETURN
5 T = 5.0*G

RETURN
6 T = 6.0*G

RETURN
7 T = 7.0*G

RETURN
8 T = 8*0*G

RETURN
9 T = 9.0*G

RETURN
END

C

C
-MAP
-XQT

C



I NPUT
DELTA = 0.686
EPSF = 0.89
EPSB = 0.90
GAMMA = 0.10
SIGMA = 5.6697E-08
SOLAR = 1*353E+03
COND = 1.2921
DEPTH = 0.0191
W = *29552422,.26926672,*21908636,*149451359,06667134
S = -*14887434,-,43339539,-*67940957,-*86506337-*97390653
ECC z 0.23924529
ECCE = .01675011416266
TSTART = 0.0
TSTEP = 86400.
AX = 0.11974322E+9
AXE i .1495990706E+9
INCL = 3.2591328
EPSLN = 23.44268327
OMEGA = 181.42842
EOMEGA = 102.4908625
NODE = 40.188362
GM = *132712499E+12
MASS = 498o534
AU = *1495978930E+9
MSTART = 186.2238661
MESTRT a 305.4690256
ZETA = .216
EPSF1 = 0.79
EPSB1- 0.85
GAMMAl = 0.22
DEPTH1 = 0.0127
NCASE a 2
N = 93
TLT1 a 69
TLT2 = 93
TO = 0.0
T1 = 45.0
T2 - 58.0
SPEC = 0.75
AREA = 5*8312
MORE a 1
SEND
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SINPUT
ECC = 0.25930279
TSTART = 92.0
AX = 0.93117523E+8
INCL " 4.3515604
EPSLN = 23.44268327
OMEGA = 271.456334
EOMEGA = 102.4908625
NODE = 10.168681
MSTART = 252.61864
MESTRT = 36.143130
N = 82
TLT1 = 20
TLT2 = 39
TO = 58.0
T1 = 68.0
T2 = 71.0
MORE. =
SEND

-FIN
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